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1 Introduction
Transition-metal compounds (especially oxides) are the most studied compounds in
condensed matter physics due to their interesting physical phenomena, like a Mott
insulating state, high-Tc superconductivity, ferromagnetism, antiferromagnetism, fer-
roelectricity, antiferroelectricity, charge ordering, etc. The main role in these phe-
nomena is played by the d-orbital valence electrons of the transition metal ions. The
strong electronic-correlations due to the spatial confinement in narrow d-orbitals play
an important role in the properties of these materials. The internal degrees of free-
dom of d-electrons, i.e., charge, spin and orbital angular momentum and the lattice
degrees of freedom form a delicate balance and therefore d-electron systems are highly
susceptible to any external influence such as temperature, pressure, magnetic field, or
doping, which can switch the material to a new phase. Moreover the orbital degener-
acy in d-electron system is an important and unavoidable source of their complicated
behavior.
Pressure is an important parameter affecting the electronic and the structural prop-
erties of the system. The external pressure is considered to be a cleaner way to tune the
properties of the material compared to chemical pressure (doping) which additionally
affects the translational symmetry of the crystal lattice and adds impurities during
substitution. The compression induced by the external pressure changes the atomic
separation and bandwidth of the electronic states. Infrared spectroscopy (IR) is a
powerful method to investigate the electronic and vibrational properties of transition-
metal compounds. In combination with the pressure technique it is an indispensable
tool for investigating pressure-induced changes in the electronic structure of solids.
The development of new advanced materials is essential for progress in modern sci-
ence and technology. Magnetoelectric materials are the new class of materials charac-
terized by the coexistence of interrelated electric and magnetic dipole structures within
a certain range of temperatures. This unique feature makes these materials potential
candidates for many new applications in the fields of transducers, sensors and data
storage. Among transition-metal oxides, the perovskite BiFeO3 is a robust magneto-
electric multiferroic, with the coexistence of ferroelectric and antiferromagnetic order
up to unusually high temperatures. It exhibits an antiferromagnetic Néel temperature
1
1 Introduction
of ≈370◦C and a ferroelectric Curie temperature of ≈830◦C. Although the multiferroic
materials have been studied extensively, only very little is known about the effect of
external pressure on their multiferroic properties. In BiFeO3 various instabilities can
be driven by external thermodynamical variables, like temperature, pressure, electric
or magnetic field. As a part of this thesis, the structural phase transitions in BiFeO3
probed by using far-infrared spectroscopy are presented.
Since many of the spinels are common minerals, they also have great geological and
geophysical interest; especially chromium spinel is regarded as important petrogenetic
indicator in ultramafic to mafic rocks [1]. Some chromium spinels, e.g; HgCr2S4 and
CdCr2S4 exhibit multiferroic behaviour. Chromium spinels with a general formula
ACr2X4, where A= Zn, Cd, or Hg is a divalent nonmagnetic cation and X= O, S,
or Se is a divalent anion are investigated. The Cr3+ ion is in the 3d3 configuration,
its three 3d electrons occupy the t2g levels with total spin S=3/2. The Cr-sublattice
is formed by corner sharing tetrahedra named as pyrochlore lattice which exhibits a
highly frustrated geometry of antiferromagnetically coupled spins. Although charge
and orbital degrees of freedom in the ACr2X4 spinels are frozen, these compounds
show a wide variety of magnetic properties ranging from those of a strongly frustrated
antiferromagnet (AFM) to a Heisenberg ferromagnet (FM). In the ACr2O4 spinels,
AFM nearest-neighbor interactions between Cr spins residing on a pyrochlore lattice
are geometrically frustrated. The magnetic ground state of a frustrated antiferromag-
net is highly degenerate which leads to unusual low-temperature properties. In this
project three chromium spinel compounds: ZnCr2Se4, HgCr2S4 and CdCr2O4 were
investigated.
Among vanadium spinels, ZnV2O4 and MgV2O4 were investigated. In these systems
the V3+ with electronic configuration 3d2 has spin S=1. The two spins occupy the triply
degenerate t2g orbitals and the orbital degree of freedom is unfrozen in the system. The
ZnV2O4 and MgV2O4 are Mott-Hubbard insulators in the crossover regime between the
localized and itinerant limit, i.e., the on-site Coulomb repulsion and the bandwidth
are comparable. The insulator-to-metal transition is induced by reducing the V-V
distance, accomplished by applying external pressure.
The β-vanadium bronzes are typical examples of highly correlated electron systems.
These compounds are represented as β−AxV2O5 (A = Li, Na, Ag, Ca, Sr, and Pb)
and are mixed-valent oxides with V4+(3d1) and V5+ (3d0). The β-vanadium bronzes
with stoichiometric composition x=1/3 crystallize in a monoclinic tunnel-like struc-
ture with space group C2/m. β−Na0.33V2O5 is one of the best conductor among
vanadium bronzes. In this project the pressure-dependent structural properties of
the β−Na0.33V2O5 at room temperature are investigated by high-resolution angle-
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dispersive powder X-ray diffraction.
In many transition metal compounds most often the electronic excitations occur
in visible (Vis) and ultraviolet (UV) energy range. In this thesis, the invesitigated
Cr-spinel compounds exhibits the crystal-field d-d excitations and charge transfer ex-
citations, which lie in this higher energy range. With the present investigated technique
we could cover the energy up to 3 eV, thus, the energy of all spin allowed d-d transi-
tions was not accessible. Since pressure affects the electronic states to a large extent,
one can get a lot of information about electronic system if the range above 3 eV would
be accessible for high-pressure technique. For this purpose, a part of the PhD project
was devoted to the extension of pressure-dependent measurements in the Vis-UV fre-
quency range. Thus, the Vis-UV microspectrometer was constructed for reflection and
transmission measurements under pressure and at low temperatures. The test mea-
surements in transmission mode at ambient conditions were done successfully, due to
time constraints the pressure-dependent measurements were not carried out.
The contents of this dissertation are in the following sequence. The introduction
to experimental techniques i.e., high pressure infrared microspectroscopy and high
pressure X-ray diffraction are presented in Chapter 2. In Chapter 3, the design and
construction of Vis-UV microspectrometer and test measurements are presented. The
effect of external pressure on the crystal structure of β−Na0.33V2O5 probed by X-ray
diffraction measurement is presented in Chapter 4. In Chapter 5, the crystal structure
and physical properties of perovskite materials, specifically the perovskite multiferroic
BiFeO3 and its experimental investigation by infrared spectroscopy under pressure are
presented. The crystal structure of spinels and the pressure induced phenomena in the
various chromium spinels and vanadium spinels are presented in Chapter 6.
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2.1 Fourier Transform Infrared(FTIR) Spectrometer
The FTIR spectrometer Bruker IFS66v/S is used in this work. This spectrometer
covers a wide spectral region from 10-25000 cm−1, i.e., far-infrared (FIR) to visible
frequencies. The instrument is enclosed in a vacuum bench to eliminate the absorption
features due to the CO2 and H2O in the mid-infrared range. Its main advantage
occurs, when large number of scans are required of both sample and background for
low frequency measurements. During this measurement, the change in air quality can
introduce significant artifacts in the resulting spectra. Its optical layout is shown in
Figure 2.1.
Light  
sources
Bolometer
Mirror Scanner
Beam splitterControl 
Electronics
BRUKER IFS 66v/S
MCT/ InSb
DTGS
Sample 
compartment
sample
Aperture
P
ola
rize
r
Figure 2.1: Optical layout of a Bruker IFS66v/S Fourier transform infrared spectrom-
eter.
The light sources which are desired for different frequency ranges are given in Ta-
ble 2.1 along with the obtained energy range and the required detectors and beamsplit-
ters for the specified range. The beam from the sources passes through the aperture
prior to entering the interferometer. The alignment of the interferometer is crucial and
it is different for each beamsplitter, the controlling software is programmed with the
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precise adjustments, made via stepper motor control of the stationary mirror. The cen-
ter of each beamsplitter is partially silvered to act as a beamsplitter for a He-Ne laser
beam that tracks the moving mirror. The moving mirror rides on a cushion of nitrogen
gas to ensure smooth and reproducible movement. After leaving the interferometer
block the infrared beam enters the sample chamber. For a simple transmission mea-
surement the beam directly passes through the sample and enters the detector through
some optical path, its paths toward different detectors are shown in Figure 2.1.
Table 2.1: Different sources, beamsplitters, and detectors used in the Fourier transform
spectrometer for measurements in various infrared frequency ranges.
Frequency range Source Beamsplitter Detector
Far-infrared Hg discharge lamp 50 µm Mylar/Ge Bolometer
10 - 700 cm−1 23 µm DTGS
6 µm
Mid-infrared Globar KBr/Ge MCT
500 - 8000 cm−1 DTGS
Near-infrared Tungsten lamp CaF2 InSb
2000 - 12000 cm−1
Visible/UV Tungsten lamp CaF2 Si diode
10000 - 26000 cm−1 GaP diode
2.1.1 Working Principle of FTIR spectrometer
The FTIR spectrometer is based on the Michelson interferometer, its working principle
is shown in Figure 2.2. The main parts of the Michelson interferometer are the fixed
mirror, the movable mirror, and the beam splitter, which is fixed. The beam from the
source is directed towards the beamsplitter, where the beam is divided into two parts.
One half of the beam is reflected towards the fixed mirror and the other half of the
beam is transmitted towards a movable mirror, which scans along the beam direction.
Both parts of the beam are then reflected by mirrors and recombined (interference) at
the beamsplitter. This recombined beam is directed through the sample and focused
on the detector.
A laser beam undergoing the same change of the optical path as an infrared beam,
serves to control the position of the mirror during the scan and initiates the collection
of data points from the signal of the infrared detector at uniform intervals of mirror
travel. The data points are digitalized by an analog to digital converter and stored
in a computer memory. The result is an interferogram, i.e. a record of the signal of
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Figure 2.2: (a)Schematic illustration of the Michelson Interferometer which explains
the working principle of a FTIR spectrometer. (b) Interferogram in a broad
frequency range (c) and the spectrum obtained after the Fourier transfor-
mation procedure.
the infrared detector as a function of the optical path difference (δ) for the two beams
in the interferometer (see Figure 2.2(b)). When the mirror scans, the δ varies and as
a resultant an interferogram is produced. The maxima occur when δ is an integral
multiple of wavelengths (i.e., δ=nλ; n=0,±1,±2, etc.). The minima occur when δ is
an odd multiple or half wavelengths (i.e., δ=[(n+1
2
)λ]). An ideal interferogram with a
continuum source can be represented by the integral
I(δ) =
∫ ∞
0
B(ν)cos(2πδν)dν. (2.1)
Therefore the interferogram implicitly contains information over the whole frequency
dependence of light and its Fourier transform B(ν) is the power spectrum of the
radiation. The Fourier transformation is performed on the interferogram using the
following mathematical formula
B(ν) =
∫ ∞
0
I(δ)cos(2πδν)dν. (2.2)
The Fourier transformation (FT) provides the frequency distribution of the inten-
sity. A power spectrum obtained through FT is shown in Figure 2.2(c). One of the
main advantage of Fourier transform spectroscopy is that all frequencies are measured
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simultaneously, thus reducing the collecting time by a factor of n (where n is the num-
ber of points in the spectrum) and improving the signal to noise ratio by a factor of
N
1
2 when acquiring and averaging N interferograms with respect to the same spectrum
acquired with dispersive techniques (Fellget advantage).
2.1.2 Infrared microspectroscopy
In this project the infrared spectroscopy under high pressure is performed using a
Syassen-Holzapfel-type diamond anvil pressure cell (DAC) [2]. The commonly used
method for an in-situ pressure measurement in the DAC is the ruby luminescence. For
pressure measurement, the very small sample size of few 10 micron is used. The sample
is placed in the hole of the gasket along with a ruby ball for pressure determination.
Finally the pressure transmitting medium is added into that hole. The gasket is
usually made of copper beryllium alloy or stainless steel. Before using the gasket for
an experiment, it is pre-pressed to a thickness of few ten microns by the diamond
anvils prior of making a hole in it. The hole in the center of the pressed gasket is
drilled by an electro discharge drilling machine. The hole of ≈ 1/3 or 2/5 of the size
of the culet should be used for relatively incompressible pressure media.
Choice of pressure transmitting media
The pressure transmitting media are selected which are transparent to the measured
frequency range. The different pressure transmitting media have different hydrostatic-
ity limits, which change with the temperature. For example at room temperature
tetrahydrofuran can be used as a hydrostatic pressure transmitting medium up to
6 GPa [3], methanol-ethanol mixture solidifies at 10.5 GPa. The argon gas solidifies
at a low pressure around 1.3 GPa. Helium solidifies at 12.1 GPa, but it is consid-
ered to be the best pressure transmitting medium up to 40 GPa at 300K [4]. Soft
solid materials like CsI, NaCl and other related materials are also used as a pressure
transmitting media. In this project, for infrared measurements, the CsI is used as a
pressure transmitting medium. For X-ray diffraction (XRD) measurement helium was
used as a pressure transmitting medium .
Arrangement for Pressure dependent measurements
The arrangement of the pressure-dependent measurement is shown in Figure 2.3. Mea-
surement of a small sample in the DAC requires a sharp focusing with a large numeri-
cal aperture and a precise positioning on the surface of the sample. A standard FTIR
spectrometer arrangement does not satisfy these requirements. This problem has been
8
2.1 Fourier Transform Infrared(FTIR) Spectrometer
solved by the use of the IR microscope coupled to the FTIR spectrometer. The main
parts of the infrared microscope are two identical Schwarzschild objectives. One objec-
tive is used to focus the light on the sample and the second one serves as a condenser
for transmission measurements. The basic construction and working principle of a
Schwarzschild objective is described in Chapter 3.
The objectives used in the currentt setup have a magnification of 15x and a working
distance of 24 mm. The sub-100 micron foci are possible with the help of Schwarzschild
objectives of the microscope. To select the area of the sample for measurement, the
field apertures of different sizes in the range of 0.45 - 3.75 mm are used. To view
the sample in reflection and transmission mode, the visible light is incident on the
sample through a remote-controlled mirror system, which makes it possible to guide
the incident light in the optical path of the microscope. All the detectors mentioned
in Table 2.1 can be coupled to this microscope, and the microscope can work either in
reflection or transmission mode.
For a measurement the DAC is mounted in a home built holder that ensures that
the DAC is always placed in the same position. This holder is fixed to the microscope
sample stage that allows to finely align the DAC. The adjustable field aperture, which
is mounted in the microscope is kept fixed in a way that it collects only the signal from
the selected sample area in the DAC. Moreover, the mirrors that couple the microscope
and the interferometer are aligned to match the focus of the IR radiation to the visible
focus of the white light of the microscope, to be sure that alignment of the DAC is
exactly the same for IR light. In the microscope there is a video port (camera) to
make photos of the samples.
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Figure 2.3: Optical layout of the Bruker IFS66v/S Fourier transform infrared spectrometer coupled to an IR microscope illus-
trating the optical configuration for a pressure measurement.
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2.1.3 Pressure determination method
To determine the pressure in the cell, the green laser is shined on the ruby ball inside
the DAC, and the fluorescence signal is then collected and sent through an optical fiber
to a Ms260iTM spectrograph equipped with a CCD camera (see Figure 2.3). The ruby
is a α-Al2O3 crystal doped with Cr3+ ions which subsitute the Al3+ ions, coordinated
with oxygen ions. The Cr3+ induce a trigonal distortion in the crystal because of its
larger radius than Al3+. The crystal field energy levels of Cr3+ in ruby are shown in
Figure 2.4 (a). The Cr3+ ion in a cubic crystal field has a ground state as 4A2 and its
first excited state as 2E.
When Cr3+ is excited by a laser, the electrons get excited from ground state 4A2
towards the 4T2 and 4T1 [6], which populate the metastable state 2E by non radioactive
decay. From this level the electrons relax to lower energy levels under emission of
radiation, namely the characteristic R (R1, R2) lines. The frequencies of the R lines
are sensitive to temperature and pressure. Under hydrostatic pressure the ruby lattice
compresses, which leads to a reduction of the Cr and O ion distance. Consequently
the crystal field potential at the Cr3+ ions is increased and the splitting of energy
levels changes. The energy gap between the metastable states and the ground state
decreases and the R1,R2 lines shift to higher wavelength. The pressure is determined
by tracing the position of the R1 line at given experimental conditions. The relation
used to calibrate the ruby pressure at room temperature is the following [7],
P (∆λ) =
A
B
[(
1 +
∆λ
λ0
)B
− 1
]
, (2.3)
The line shift is also temperature dependent, ∆λ is the wavelength shift of the R1
line with pressure/temperature and λ0 is the wavelength at ambient conditions. The
parameters are A=1904 GPa and B=7.665. The pressure dependence of the ruby R1
line is shown in Figure 2.4 (b).
2.1.4 Diamond Anvil Cell
The diamond anvils are produced from gem-quality and inclusion free single crystals
with low birefringence, and cut in the simplified form of a brilliant (8 or 16 faces) and
the working plane is produced at the culet. A very high pressure is generated in the
DAC depending on the size of the culet. The culet size and the maximum pressure
attained by it is inversely proportional to each other, a culet size of (0.2-0.3 mm) can
generate higher pressure up to 100 GPa, a culet size of 0.6 mm can generate pressure
11
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Figure 2.4: (a) The luminescence process due to the crystal field splitting of Cr3+in ruby
[5]. (b) The pressured-dependence of R1 and R2 lines at room temperature.
below 50 GPa, and an anvil size of 1 mm can generate pressure up to 20 GPa [3].
For the pressure study above 100 GPa or at extremely high pressures where plastic
deformation is observable around the anvil surface, bevelled anvils are used [3].
Operation of DAC
The principle of operation of the DAC is very simple (see Figure 2.5). The sample is
placed between flat parallel faces of two opposed diamond anvils. To obtain a hydro-
static pressure the diamonds do not press directly on the sample but compress a sur-
rounding volume of pressure transmitting medium. There is a variety of ways to apply
the load for pressure generation, depending upon the design of the cell. The mechanism
of application of load is different for different types of DAC, e.g National Bureau of
Standards (NBS) cell, the Basset cell, the Mao-Bell cell, the Syassen-Holzapfel cell, the
membrane driven diamond anvil cell, and the Merrill-Bassett cell [8]. In this project
a Syassen-Holzapfel cell is used for infrared measurements, and a membrane driven
DAC is used for XRD measurement. The membrane driven DAC is explained later in
this section 2.1.4.
12
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Figure 2.5: Schematic drawing of the diamond anvil cell illustrating its operation.
Syassen-Holzapfel DAC
The picture of the Syassen-Holzapfel DAC and its cross sectional view is shown in
Figure 2.6. It is a clamped piston-cylinder cell. One of the diamond anvils is mounted
in a X-Y translational stage incorporated in a fixed backing plate. The other diamond
is mounted on a tilting stage in a moving piston. A tilting and translational diamond
mount allows precise adjustments of the two diamond anvils with respect to each other.
The force for compressing the anvils for pressure generation is produced by a thread-
and-knee mechanism. A simple gear-set wrench synchronously turns two threaded rods
which connect the front and back sides of the brackets and pulls the lower ends of the
brackets together. Consequently, the upper ends of the bracket compress the moving
piston and generate the pressure. The special geometry of this construction results in
a large force multiplication. The guidance of a long moving piston assures parallelism
of the diamond faces at high load, this DAC has excellent alignment stability [8].
The Syassen-Holzapfel DAC used within this project has a height of 38.7 mm and
a length of ≈ 60 mm. The diamond anvils are made of type-IIa diamonds with a
height of 1.5 mm and a culet diameter of 400 µm. The maximum pressure that can
be generated in this DAC is around 25 GPa. The opening angle of the apertures at
the piston and the cylinder assemblies are 40◦ and 50◦, respectively, to minimize signal
loss. A gasket made from stainless steel with an initial thickness of 0.25 mm is used in
this DAC. A hole with a diameter of about 150-200 µm was drilled in the pre-indented
gaskets of a thickness of about 70-80 µm, for measuring at pressures up to 10-15 GPa,
and a hole with diameter of about 120 µm was used for measuring at pressures up to
13
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(a) (b)
40°
50°
(c)
Piston Cylinder 
Figure 2.6: (a) A picture of the Syassen-Holzapfel cell, (b) its two main parts, piston
and cylinder, are shown. (c) Cross sectional view of the Syassen-Holzapfel
pressure cell illustrating the inner construction, the figure is from Ref [9]
with small modification.
22 GPa.
Membrane-driven DAC
The typical membrane-driven DAC used for XRD is shown in Figure 2.7. The cell body
is built out of 52RC maraging steel, except for the diamonds seats C and D, which are
in the shape of half-spheres and made out of tungsten carbide. In Figure 2.7 (a), A
is the position where the membrane is soldered, it is between the exterior case of the
cell and the piston B. The force on the diamond is generated by the inflation of the
membrane, which is made out of BeCu or stainless steel, the more explanation about
the cell is given in Ref [10].
The schematic diagram of pressure generation in the DAC is shown in Figure 2.7 (b),
where E is the gas (He) cylinder with maximum pressure of 20 MPa used as an input
to inflate the membrane to apply force on the piston, F is an insulating valve, G is
14
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Figure 2.7: (a) The design of the membrane DAC showing different parts, (b) schematic
diagram showing how the pressure is applied in the DAC. The figure is
adopted from Ref [10].
the relief valve, and H is the double micrometeric valve used to control the pressure.
The pressure is read out by a pressure gauge I, there is also a digital pressure display
J. The gas leak is observed from a bubble setup K, by inserting the capillary in the
alcohol. Finally, the membrane is connected with the DAC labeled as L.
The main advantage of a membrane DAC over other types of DACs where the initial
external force is generated mechanically is that the gas pressure in the membrane can
be monitored in-situ and precautions can be made in order to avoid high pressure,
which could lead to the destruction of the cell. Another important point is that the
membrane-driven DAC and the pressure regulator can be mounted so that it is not
required to remove the DAC in order to change the pressure during an experiment. In
this way systematic shifts of Bragg reflections, caused by inconsistencies of the position
of the DAC, are prevented especially in case of single crystals.
.
2.1.5 IR properties of diamond
The DACs used for IR measurements employ type-IIa diamonds which do not con-
tain nitrogen impurities and are insulating. The refractive index (ndia) is 2.38 at
800 cm−1. The dispersion of the refractive index of diamond is very small in the IR
range (see Figure 2.8). The pressure effect on the refractive index of diamond is about
-0.00052 /GPa [12]. Therefore the frequency- and pressure-dependence of ndia and Rdia
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Figure 2.8: (a) Dispersion of the refractive index of diamond in the infrared frequency
range [11], (b) multiphonon excitations of the diamond in the MIR range.
can be neglected. The IR reflectance at normal-incidence at the surface of diamond in
air is given by
Rdia =
[
ndia(ω)− 1
ndia(ω) + 1
]2
. (2.4)
The value of Rdia is 0.1667 using the refractive index value 2.38. There is significant
multiphonon absorption in the frequency range 1700-4000 cm−1 (see Figure 2.8 (b)).
These absorption features are discarded during the analysis of the measured data.
2.1.6 Measurement geometries
High pressure infrared reflectivity
The schematic configuration for quantitative reflectivity measurements is shown in
Figure 2.9. The sample is placed in direct contact with the diamond window that faces
the objective side, a solid pressure medium is used to keep the sample in contact with
the diamond. The reflected intensity from the sample at sample-diamond interface is
(Is). The intensity reflected from the diamond bottom (Ib) is used as a reference. The
reflectance spectrum at the sample-diamond interface is calculated by multiplying the
ratio of the intensities Is and Ib with the reflectivity of diamond (Rdia).
Rs−d(ω) =
[
Is
Ib
]
Rdia. (2.5)
However, to measure the intensity reflected from the bottom surface of the diamond
is not possible during the measurement, so it can be measured only at the end of the
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IsIincident
It‘Iincident
IbIincident
Rs-d=
Is/It
Ib/It‘
ItIincident
Figure 2.9: The measurement configuration for the reflectance of a sample at the
sample-diamond interface in a DAC.
measurement. During the measurement only the intensity reflected from the diamond
top (It) can be measured. At the end of the measurement, it is important to measure
the ratio of intensities reflected from the bottom (Ib) surface of the diamond and the
top (It′). Finally the absolute reflectivity was calculated according to the Equation 2.6.
Rs−d(ω) =
[
Is
It
/
Ib
It′
]
Rdia (2.6)
High pressure infrared transmission
The configurations for transmission measurements are illustrated in Figure 2.10. De-
pending on the sample form, the reference measurements can be performed in two
different ways: In case of bulk samples, the cell loading procedure is similar as for
the reflectivity measurements. The sample is placed on one side of the gasket hole
before filling with the pressure medium, in order to measure the reference spectrum
for each measured pressure (see Figure 2.10 (a)). To calculate the transmission spec-
trum, the intensity transmitted through the sample (Isample) is divided by the intensity
transmitted through the pressure transmitting medium (Ireference) and subsequently the
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Iincident
IreferenceIsample
Iincident
(a)
Iincident
IreferenceIsample
Iincident
(b)
T=
Isample
Ireference
Figure 2.10: The measurement configuration for transmission in DAC (a) for a single
crystal sample or in pellet form, (b) for a powder sample.
Figure 2.11: Schematic representation
of making a thin pellet out
of a powder sample.
Powder sample
Gasket
Diamond anvil
Diamond anvil
absorption of the sample is calculated as
T =
Isample
Ireference
(2.7)
A = −log10T (2.8)
In case of powder samples, the cell loading process is a little bit different. There is
no control while putting the sample inside the hole of the gasket and it can cover the
complete area of the hole. In this case the reference can be measured at the end of
the measurement by filling the cell with a solid pressure medium (see Figure 2.10 (b)).
There is another way to load the cell with a powder sample. First, the pellet is made
out of pure powder sample by pressing the sample in between two dimond anvils with
a plane gasket, the schematic configuration is illustrated in Figure 2.11. The pellet is
taken out and the DAC is cleaned. Now, the DAC is loaded again with this pellet in
a similar way as for bulk samples. In this project, for the transmission measurement
of ZnV2O4 and MgV2O4, the pellet made out of powder sample is used.
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2.1.7 Dielectric response function
When light interacts with matter, two types of phenomena can occur: absorption and
scattering processes. Light scattering can be on a macroscopic level (between interface
of two types of materials, resulting in reflection and refraction) and on a microscopic
level (e.g. Rayleigh and Raman scattering). These interactions have different physical
origins; reflection and refraction results from a mismatch of the dielectric constants,
whereas Rayleigh and Raman scattering are the result of induced polarization [13].
The propagation of the electromagnetic waves in the material is described in terms
of the complex refractive index n˜. In case of optical parameters, the amplitude and
phase shifts of the electromagnetic waves, which are transmitted through an interface
or which are reflected from a boundary of two materials, constitute a response function.
So we always deal with complex response function, describing the response of a system
to a certain stimulus. For the optical response functions, the mathematics necessary to
understand them is presented below. For more detailed information see Ref. [14–16].
The optical properties of the materials are described by the complex refractive index
n˜:
n˜ = n+ ik, (2.9)
where n and k are the refractive index and extinction coefficient of the material. The
complex dielectric constant ǫ˜ (ǫ˜ = ǫ1 + iǫ2) can be determined if the refractive index
is known. The relation between these two quantities is
ǫ˜ = n˜2 (2.10)
ǫ1 = n
2 − k2 ; ǫ2 = 2nk; (2.11)
The complex dielectric function (ǫ˜) and the complex polarizability (α˜)are related with
each other as,
ǫ˜ = 1 + 4πNα˜ . (2.12)
The complex polarizability is defined as
α˜(ω) =
e2
m
1
(ω20 − ω2)− iγω
. (2.13)
The Equation 2.12 becomes
ǫ˜ = 1 +
4πNe2
m
1
(ω20 − ω2)− iγω
. (2.14)
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The real and imaginary parts of the dielectric constant as a function of frequency
are mutually related and illustrated in Figure 2.12. The ǫ1 increases with increasing
frequency, called normal dispersion. However, in a region near ω0 the ǫ1 decreases with
increasing frequency, this region is called anomalous dispersion. ωm is the frequency at
which ǫ1 is maximum or minimum. The region of anomalous dispersion is represented
as γ, which is also the full width and half maximum of ǫ2 curve. The maximum value
of ǫ2 is
ǫ2(max) =
4πNe2/m
γω0
. (2.15)
The reflectivity (R) of a material at normal incidence is given by the Fresnel equation
as:
R =
∣∣∣∣ n˜− nwn˜+ nw
∣∣∣∣2 , (2.16)
where nw is the refractive index of the medium which forms the interface with the
reflecting surface of the sample. When the medium is air or vacuum then the expression
reduces to
R =
(n− 1)2 + k2
(n+ 1)2 + k2
. (2.17)
For non magnetic materials,
n =
1√
2
(
ǫ1 + (ǫ
2
1 + ǫ
2
2)
1
2
) 1
2
; k =
1√
2
(
−ǫ1 + (ǫ21 + ǫ22)
1
2
) 1
2
. (2.18)
The Lorentz model
The Lorentz model is the simplest model of a dielectric dispersion. It describes the
resonant absorption of radiation in which the dielectric response function takes the
form,
ǫ(ω) = ǫ∞ +
∑
j
∆ǫjω
2
TOj
ω2TOj − ω2 + iωγj
, (2.19)
where ω is the frequency of the incident radiation and ωTOj is the resonance fre-
quency of the oscillator. In this model each mode is characterized by three parameters,
the oscillator strength ∆ǫj, the frequency of transverse optical modes ωTOj, and the
damping of the modes γj. The interaction between the modes is neglected in this
model. The ǫ∞ represents the contribution at frequencies higher than the measured
ones.
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Figure 2.12: Frequency dependence of the real ǫ1(ω) and imaginary ǫ2(ω) parts of the
dielectric function for ǫinf>0. The figure is taken from Ref [14] with small
modification
The 4-parameter model
The classical oscillator model (Lorentz model) often gives a wrong fitting to vibrational
modes with asymmetric line shapes. In this case, it is convenient to use the factorized
form of the dielectric function. The factorized model based on the frequency dependent
form of the Lyddane-Sachs-Teller relation implicitly allows to couple the modes and
differ the TO and LO phonon decay rates, γT and γL, respectively [17]. This is called
4-parameter model, and expressed as:
ǫ(ω) = ǫ∞
n∏
j=1
ω2LOj − ω2 + iωγLOj
ω2TOj − ω2 + iωγTOj
, (2.20)
where ωTOj and ωLOj denote the transverse and longitudinal frequencies of the jth
polar phonon mode, respectively. γTOj and γLOj denote the damping constants of he
transverse and longitudinal jth polar phonon mode.
When fitting with this function, it is important to check that the value of complex
permittivity remains positive, otherwise the parameters lose their physical significance,
for example, negative losses or a finite conductivity at an infinite frequency. In the fit-
ting procedure of the infrared reflectivity the parameter values were restricted to those
which result in an optical conductivity vanishing at frequencies much higher than the
phonon eigen frequencies. There are necessary conditions which should be fulfilled by
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the parameters of the factorized oscillator model in order to avoid unphysical quanti-
ties. These conditions are ωLO > ωTO, γLO ≥ γTO, and ω
2
LO
ω2
TO
≥ γLO
γTO
.
The oscillator strength ∆ǫj, giving the contribution of the phonon mode to the static
dielectric constant ǫ(0), can be calculated from the formula [18].
∆ǫj =
ǫ∞
ω2TOj
∏
k(ω
2
LOk
− ω2TOj)∏
k 6=j(ω
2
TOk
− ω2TOj)
. (2.21)
The Kramers-Kronig Relation
The Kramers-Kronig relations are a set of equations that connect the real and imag-
inary parts of certain complex response functions. With this relation, the evaluation
of the components of the complex dielectric constants or conductivity is possible when
only one optical parameter such as reflectivity or absorbance is measured. When the
reflectivity R(ω) is measured at normal incidence (over a broad energy range) on a
surface covered by a transparent window, the Kramers-Kronig (KK) relation takes the
form [19]
φ(ω0) = −ω0
π
P
∫ inf
0
lnRs−d(ω)
ω2 − ω20
dω +
[
π − 2 arctan ωβ
ω0
]
, (2.22)
where P is the principal value of the integral and ωβ is the position of the reflectivity
pole on the imaginary axis in the complex frequency plane. In case of measurements
on the sample-air interface, ωβ tends towards infinity and the second term vanishes.
The second term is only taken into account in case of the sample-medium interface,
when the refractive index of the medium is not unity, for example in the case of the
sample-diamond interface. ωβ is an adjustable parameter, it is defined in such a way
that the conductivity obtained by the KK analysis at low pressure coincides with the
measured one of a free standing sample.
2.1.8 Synchrotron radiation facility for high pressure
measurements
Synchrotron radiation is the name given to the radiation emitted when charged parti-
cles are accelerated with very high speed in a curved path or orbit. The typical energy
of electrons in a synchrotron ring is of the order of a few GeV and it covers a broad
spectral range from IR, visible light, UV, soft and hard X-ray regimes.
In this thesis, a part of the IR measurements under pressure, more specifically
the FIR reflection measurements were performed at the synchrotron radiation facil-
ity, Angstroemquelle Karlsruhe (ANKA) at Karlsruhe, Germany. High pressure X-
ray powder diffraction measurements of β−Na0.33V2O5 were carried out at beam-line
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ID09A in European Synchrotron Radiation Facility(ESRF) at Grenoble. The power
density in the microscope plane and the signal to noise ratio are crucial parameters
for high pressure IR studies with DAC. Infrared synchrotron radiation presents several
advantages with respect to conventional sources other than a broad spectral range: i)
high brilliance: as it is almost a point source and has higher photon flux in the far-
IR, ii) emission is strongly collimated and iii) high degree of polarization. The above
mentioned advantages of infrared synchrotron radiation are useful for improving the
signal to noise ratio and reducing the number of acquisitions. The comparison of spec-
tral distribution of intensity and 100 % line measured for a conventional source and
synchrotron radiation are shown in Figure 2.13 (a) and (b), respectively [5].
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Figure 2.13: (a)Comparison of spectral distribution of intensity measured with a
bolometer for a conventional source and synchrotron radiation.(b) Com-
parison of 100 % lines for reflection of diamond anvil (lower inner surface)
with a globar source and with synchrotron radiation, this 100 % lines cor-
respond to a ratio of two spectra measured under identical experimental
conditions. The figure is adopted from Ref [5].
In the ANKA-IR beamline the similar instruments (Bruker IFS66v/S coupled to a
IR microscope) are used, the further process to collect data is in the similar way as
stated before in Section 2.1.2. The synchrotron current decays with time, therefore,
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the measured spectra have to be normalized with the beam current available in a log
file.
2.2 X-ray diffraction under high pressure
The X-ray powder diffraction method was first discovered by Debye and Scherrer. The
first mathematical explanation of the actual positions of the X-ray diffraction spots
was given by Bragg [20] and it is illustrated in Figure 2.14 where the “A” and “A
′
”
are the two points at two consecutive planes separated by a distance “d” to show that
the total reflection from the two planes is in phase. Since reflections from all points
in one plane are in phase and the reflection from any point on another plane is also in
phase with respect to the first one. The condition for reinforcement is given by:
BA
′
+ A′C = nλ (2.23)
BA
′
+ A′C = 2d sin θ (2.24)
nλ = 2d sin θ, (2.25)
where n is an integer. A powder consists of a large number of randomly oriented
micro-crystallites. When it is exposed to monochromatic X-rays of wavelength λ, all
crystallites in a favorable orientation diffract the radiation according to the Bragg
equation. Diffraction occurs if the angle between the direction of the incident X-ray
beam and the normal vector of the plane is equal to 90◦-θ. All the diffracted rays from
a set of planes of spacing “d1” will generate a cone of a semi-apex angle 2θ1, planes of
spacing “d2” will generate a cone of an angle 2θ2 and so on (see Figure 2.15 (a)). If a
photographic film is placed perpendicular to the undeviated beam “XF” at the point
“F”, a pattern of concentric rings will be produced by those cones of diffracted rays
which intersect the films [21]. The diffraction pattern (Debye Scherrer rings) for an
ideal powder, where all the crystallites are of regular shape and all orientations are
present is shown in Figure 2.15 (b). These orientations are equally frequent and the
diffracted intensity on a Debye-Scherrer cone is independent of the azimuth, which
means that complete information about the diffraction can be obtained by measuring
along a radial intersection through the Debye-Scherrer cones. The Debye Scherrer
rings of a non ideal powder are shown in Figure 2.15 (c).
If the total number of orientations of the crystallites irradiated by the X-ray beam is
too small, the diffraction rings will be discontinuous and spotty rather than continuous
and uniform in intensity. It can be improved by increasing the number of crystallites
24
2.2 X-ray diffraction under high pressure
Figure 2.14: Schematic drawing of Bragg´s law.
(c)(b)
(a)
d5 d4 d2d3
d1
F2θ1
2θ2Incident  
beam
Figure 2.15: (a) Diffraction of X-rays from a powder sample (the figure is adopted
from [21]), (b,c) Debye-Scherrer rings from an ideal powder and from a
non ideal powder, respectively.
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irradiated by the beam or by moving the sample in such way to take a variety of
orientations for each crystallite with respect to the X-ray beam.
2.2.1 Experimental setup for high pressure X-ray powder
diffraction
The room temperature high pressure X-ray powder diffraction measurement of β−Na0.33V2O5
was carried out at beam-line ID09A with monochromatic radiation (λ=0.41142 Å) in
ESRF at Grenoble. The membrane-type diamond anvil cell was used for pressure gen-
eration and it can be effectively used up to 40 GPa. The DAC supports only a very
small sample, it needs a brilliant beam for the measurement. The schematic drawing
of an experiment is given Figure 2.16.
Mirror , collimator 
and slit system
Beam stop
DAC Bent monochromator
To X-ray source
(insertion device)
Detector
(image plate reader)
Figure 2.16: Schematic drawing of the setup at beamline ID09A of ESRF.
The beam from an in-vacuum insertion-device is vertically focused by a spherical
mirror and horizontally by a bent Silicon (111) monochromator as shown in Figure 2.16.
The typical working energy for high pressure experiments is 30 keV with a flux of
1011 photons/s at 200 mA. The beam size on the sample is normally about 30x30 µm2.
The DAC is mounted directly onto the diffractometer for room temperature measure-
ments. The scattered radiation is collected by an image-plate detector MAR345. The
DAC was rotated by ±3◦ during the exposure to improve the powder averaging.
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Figure 2.17: X-ray powder diffraction data of β−Na0.33V2O5 at 1.0 GPa, recorded on
a MAR345 imaging plate detector.
2.2.2 Data acquisition and processing
The single crystal of β − Na0.33V2O5 grown by a flux method [22] was grounded into
fine powder. The gasket with a hole drilled in the center of it was kept on the fixed
part of the diamond anvil cell, the finely ground powder of β−Na0.33V2O5 was put in
the hole of the gasket along with a ruby crystal for the pressure determination. The
pressure was determined by the ruby fluorescence method using a laser spectrometer
(already described in Section 2.1.3). Pressurized helium (He) was used as a pressure
transmitting medium to assure good hydrostatic conditions up to the highest inves-
tigated pressure of 20 GPa. Finally, the DAC was fixed in the diffractometer for an
experiment. The position of the DAC relative to the X-ray beam was aligned, so that
the beam passed through the hole in the gasket without hitting the gasket or the cell
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body. In addition, an appropriate sample-to-detector distance was set, so that a suf-
ficient number of Debye-Scherrer rings were present on the recorded image, and that
the Bragg reflections were well resolved at low diffraction angles. The first step for col-
lecting data is to set a desired value of pressure. When the DAC was approximately at
the desired value of pressure, a certain time (5-10 minutes) is required to stabilize the
pressure within the DAC. After an image was recorded, the image plate detector was
read out and the image plate was erased so that no traces of the previously recorded
image remained, which would have appeared as artifacts in the subsequently recorded
image. The typical two dimensional image is shown in Figure 2.17.
The recorded image plate data were converted to tables of intensity versus scattering
angle 2θ and corrected for errors due to parasitic diffraction employing the computer
program named FIT2D. The diffraction radiation can geometrically be seen as the
intersection of Debye-Scherrer rings. The radii of the rings contain information about
the diffraction angle. The artifacts due to the diffraction on the ruby ball, diamond
anvils, polycrystalline impurity phases with strong texture and the radiation scattered
from the beam spot can be clearly viewed by zooming the image in the FIT2D program,
because these are isolated spots which can be clearly distinguished from the diffraction
originating from the sample. Some examples of these artifacts are shown in Figure 2.18,
which must be excluded from the 2D image before integration. The integration is
performed over the azimuthal angle.
In the FIT2D program, masking the spots which belong to artifacts is the conve-
nient way to exclude them from the diffraction pattern of the samples. After masking,
integration was performed, the integrated spectrum is shown in Figure 2.19. The par-
ticle statistics in high pressure XRD are considerable worse than the particle statistics
of other types of X-ray powder diffraction experiments because of the small sample
volumes in the DAC. The intensities of the Bragg reflections obtained in high pres-
sure powder diffraction experiments are therefore less accurate. Short wavelengths
are necessary to increase the number of Bragg reflections / Debye-Scherrer rings in
the detection area of the detector. Nevertheless, the quality of high pressure powder
diffraction data is often not sufficient for structure solution, but for already known
structures the pressure dependence of the unit cell parameters can be obtained from
the data.
In Figure 2.19, a high background is observed. One of the main contribution to
this high background is the scattering of radiation by the pressure medium. The
background was subtracted from all measured spectra at different pressures. The
background subtracted spectra are presented in Chapter 4. The integrated powder
diffraction data were saved, later this data were used by the crystallographic program
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(a) (b) (c)
(d) (e) (f)
Figure 2.18: The artifacts from the parasitic diffractions are marked with arrows, (a)
the diamond single crystal reflections, (b-c) the diffraction spots origi-
nating from a single crystalline impurity phase, most probably from the
rubies, (d) the diffraction of a polycrystalline impurity phase with a strong
texture, (e) the diffuse streak near to the innermost powder ring is prob-
ably due to radiation scattered at the beam spot, and (f) either a defect
on the imaging plate or dust on the backside of the DAC. The figure is
adopted from [23].
JANA2000, which is used for structural analysis.
2.2.3 LeBail fit
In a powder pattern where the peaks are overlapped, the extraction of individual in-
tensities is complicated. The overlap can be imposed by symmetry or accidentally
arise from near-equivalence of d -values for non equivalent reflections. The individual
intensities were extracted from the powder pattern by a profile fitting procedure. The
method used for profile fitting was proposed by LeBail [24]. The LeBail method is
a modified form of the Rietveld whole profile method [25]. In Rietveld method the
reflection intensities are computed from a structural model, while in the LeBail profile
fitting method, the intensities of the reflections are adjusted in order to provide the
best matching of the calculated and the experimentally observed diffraction patterns,
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Figure 2.19: The scattered intensity as a function of the scattering angle 2θ obtained
from the image plate recording at 1.0 GPa.
instead of structural parameters. In the LeBail method the intensities evolve iter-
atively, other parameters including background function, unit cell, and peak profile
parameters can be refined simultaneously with the LeBail intensity extraction. The
intensities thus obtained are proportional to the corresponding values of structure fac-
tor |F |2. The LeBail method was chosen instead of the standard Rietveld method in
order to overcome the effects due to powder quality, i.e. the LeBail method allows
reliable simulation of peak intensities even if few pieces of the powder are not large
enough to contain all possible crystalline orientations or it is partially oriented. The
LeBail fits of the diffraction data were carried out by using the JANA2000 software.
To fit the experimental data the refinement was done without a structural model.
The best fit of the calculated pattern to the observed pattern is judged by means
of numerical criteria, called profile R factor (Rp) value and weighted profile R-factor
(Rwp) value, which are defined as [26]:
Rp =
∑
j |Iobs,j − Icalc,j|∑
j Iobs,j
and (2.26)
Rwp =
∑
j wj(Iobs,j − Icalc,j)2∑
j wj(Iobs,j)
2
. (2.27)
Rwp has contribution of background statistics and the shape differences (width)
between calculated and the observed profile. The wj is the weighting factor for the
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Figure 2.20: The scattered intensity as a function of scattering angle 2θ obtained from
the image plate recording at 1.0 GPa along with the LeBail fit.
jth point and is defined as wj = 1/I ‘obs,j (when the background is included). The
diffraction patterns of all pressures were well fitted with Rp and Rwp values less than
0.2 % and 0.3 %, respectively.
By accurately measuring peak positions over a long range of 2θ, the unit cell pa-
rameters were determined. The pressure-dependent lattice parameters were extracted
from the LeBail fit of the integrated data. The difference between I obs,j and I calc,j is
presented in chapter 4.
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3 High-Pressure low-temperature
(HPLT) Vis-UV
microspectrometer
3.1 Motivation
The room temperature high pressure reflectivity and transmission measurements pre-
sented in this thesis were carried out using a commercial Bruker Spectrometer IFS66v/S,
coupled with an infrared microscope (IRscope II). In this spectrometer we are limited
to the highest frequency of 25000 cm−1(3eV).
In many transition metal compounds the electronic excitations occur in visible (Vis)
and ultraviolet (UV) energy range, such as the electronic excitations i.e., crystal-field
d-d -excitations and charge transfer excitations of the investigated chromium spinel
compounds in this thesis. Since pressure affects the electronic states to a large ex-
tent, one can get a lot of information about electronic system if the range above 3 eV
would be accessible for high-pressure technique. Due to the energy limit of the IR
spectroscopy, the all spin-allowed d-d -transitions of chromium compounds were not
accessible in the experimental data presented in this thesis. In order to get access to
the Vis-UV energy range for the high-pressure microspectroscopy, a part of this PhD
project was devoted to the extension of pressure-dependent measurements to the Vis-
UV energy range. Thus, the Vis-UV microspectrometer was designed and constructed
for reflectance and transmission measurements under pressure and at low tempera-
tures. There are other prototypes of Vis-UV microspectrometer for low temperature
high pressure measurement,e.g. microptical double beam system [27], one channel set
up [28]. The Vis-UV microspectrometer presented in this thesis is based on a novel
optical scheme.
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3.2 Vis-UV microspectrometer
The Vis-UV microspectrometer consists of three main parts: the light source (a 150 W
Xe-arc lamp, covering a spectral range of 200-900 nm (≈1.3-6 eV)), the home-built mi-
croscope, and the spectrogrograph with CCD (charge-coupled devices) detector. The
simple application of the microscope is to magnify the image of the object. In order
to preclude influence of water vapour in the atmosphere, the microscope is usually
purged with dry nitrogen, but there is also a possibility to use it under vacuum condi-
tions. The elements inside the microscope are the Schwarzschild objective/condenser,
plane mirrors, spherical mirrors, field stops, and a filter (see Figure 3.1 and 3.2). The
diameter of field stop can vary between 0.5 mm and 3.75 mm.
The Schwarzschild objective forms a real, enlarged image of the object, which is
viewed through the eyepiece. The filter is placed in the optical path of viewing mode,
which blocks the UV and passes the visible light to view the sample. In viewing mode,
after the field stop (2) there is moveable plane mirror (PM2) which is used to switch the
system either to measurement mode or to the viewing mode depending on the position
of PM 2. In viewing mode PM 2 directs the beam towards a lens which focuses the
light at the plane mirror mounted at 90 ◦ angle bracket, which reflects the light on
to the eyepiece in Z -direction. The translational and rotational stages, which are
used to move the mirrors and to rotate the aperture wheels (field stops) and polarizer
(if needed for measurement) are controlled by a program made by using a Labview
software. There is a simple connection between the spectrograph and the users PC
(USB interface). The basic arrangement of the microscope imaging system shown
schematically in Figure 3.1 and 3.2 for transmission and reflection measurements,
respectively.
3.2.1 Schematic drawing for transmission measurement
The optical layout in transmission mode is shown in Figure 3.1. The light from the
source strikes on the lens which focuses the light towards movable plane mirror (PM 1)
after passing through the selected aperture at field stop (1). The movable mirror
switches the light path between reflection and transmission mode. The light reflected
by movable PM 1 is sent to a spherical mirror by another plane mirror. Next to the
spherical mirror the optical path is followed by two plane mirrors and finally the light is
directed to the Schwarzschild condenser. The Schwarzschild condenser focuses the light
to the sample, the transmitted light is then collected by the Schwarzschild objective
and produces an image of the sample at the field stop. After the field stop there is a
movable plane mirror (PM 2) which switches the beam path between viewing mode
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Figure 3.1: Optical layout of Vis-UV microspectrometer illustrating the transmission
mode. The double side arrows close to the mirrors indicate that the respec-
tive mirrors are at movable translational stages.
and measurement mode. In viewing mode the alignment of the sample is controlled
through the eyepiece. For measurement mode, the beam from the selected field stop (2)
is deflected by the plane mirror towards the spherical mirror which focuses the beam
at the entrance slit of the grating spectrograph and finally detected by CCD.
3.2.2 Schematic drawing for reflection measurement
In reflection mode, less optical components are used compared to transmission mode
(see Figure 3.2). Light from the source strike on the lens, which focuses the light on
field stop (1) where appropriate aperture is selected. After passing through aperture
the light strikes on the half mirror, which deflects the incoming beam towards the
Schwarzschild objective. The Schwarzschild objective focuses the light to the sample
and then collects the reflect back light and produces an image of the sample at the
field stop (2) and finally reflected light enters to the spectrograph or to the eyepiece
depending on the selected mode. In reflection measurement only half of the cross
section of the incoming beam is used. In Figure 3.2, the microspectrometer is in
reflection mode, the dotted lines show the inactive transmission mode.
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surement mode. The dotted lines show the light path for transmission mode.
The double side arrows close to the mirrors indicate that the respective mir-
rors are at movable translational stages.
Schwarzschild objective
The Schwarzschild objective is based on the combination of two concentric spherical
mirrors, small convex mirror and a larger concave mirror facing each other as shown
in Figure 3.3. The design is simple and elegant and useful for optical systems with
small field of view and high resolution. The concave mirror has an aperture in the
center thus permitting the light to reach the convex mirror, and reflected light from
convex mirror is focused through concave mirror behind the convex mirror at point
F (see Figure 3.3). The main advantages of a Schwarzschild microscope objective are
that [5, 29]:
(i) It can be applied in a wide spectral range.
(ii) Chromatic errors are absent.
(iii) Some of the third-order Seidel aberrations cancel for certain object-image posi-
tions.
The radii of curvature of convex and concave spherical mirrors defines the magnifica-
tion (M)of Schwarzschild objective, i.e.,
M =
g − 1±√g
g − 1∓√g , (3.1)
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r2
r1
F
Figure 3.3: Optical layout of the Schwarzschild objective. F is the focal point of the
objective, and r1, r2 are the radii of curvature of convex and concave mirror,
respectively.
where g = r1/r2. The objectives are mounted on xyz -translation stages which al-
low the precise alignment of the focal position. The Schwarzschild objectives used
in our experiment focus the radiations on a very small sample of approximate size
100µm×100µm×50µm. When the sample is placed in DAC inside the cryostat the
long working distance is needed. The commercially available Schwarzschild objectives
offers a working distance, which is not long enough for measurement inside cryostat.
For this purpose the home-made Schwarzschild objectives [30] with a large working
distance were used.
Shamrock spectrograph SR-303i
The Andor Shamrock spectrograph SR-303i, with pre-aligned detector (CCD camera)
was used, which is shown in Figure 3.4 (a), and its inside view (optical layout)is shown
in Figure 3.4 (b). It has a triple grating turret, where three gratings with different
groove density and blaze wavelength are mounted. This provides the flexibility to
choose different resolutions for specific measurements. The graphical software user
interface is simple and allows the user to fully control the spectrograph´s functionality
including wavelength control and calibration, grating selection, and slit control etc.
The reflected or transmitted light from the sample enters the spectograph by spher-
ical mirror (the last component of microscope), which focuses the light onto the slit
of spectrograph. This incoming light enters the slit of spectrograph and strikes at
the plane mirror (see Figure 3.4 (b)), where it is reflected towards the toroidal mir-
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(b)
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Figure 3.4: (a) The picture of Andor Shamrock spectrograph SR-303i, adopted from
Ref [31]. (b) Optical path inside the spectrograph.
ror which sends the light to the grating. The grating produces an optical spectrum
by diffraction of reflected light. This diffracted light, send to the detector (CCD) by
another toroidal mirror is measured.
3.3 Test measurements
Several test measurements were carried out on different samples but the collected
spectra were not like as it was expected. Since the setup is to investigate the materials
under pressure in a broad spectral range. In the current design, one has to replace the
antirefletion coated lenses for specific small wavelength range, which is not feasible way
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Figure 3.5: (a) Transmission spectrum of CdCr2O4 and (b) absorption spectrum. The
data is collected from the updated version of Figure 3.1 where focusing lens
in front of light source is replaced by two spherical mirrors(see Ref [32,33]).
(c) Comparison of absorption spectrum measured in Vis-UV microspec-
trometer with the spectrum measured at room temperature in Bruker FTIR
spectrometer at 1.0 GPa.
especially for pressure measurements. To find the proper solution of this problem and
to figure out why test measurements are not in agreement with expected ones, even
with a very good alignment of the system. For this purpose the ray tracing (ZEMAX
program) was done as a master project of Kathrin Martin [32] and further as a PhD
project of Armin Huber. Through ray tracing we came to know that condenser in the
source assembly is also creating a problem for broad spectral range. The condenser
from the source assembly was removed and focusing lens was replaced by two spherical
mirrors. The new designs for transmission and reflection measurements without lens
are shown in Ref [32, 33]. The test measurement carried out on single crystal of
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CdCr2O4 in transmission mode at ambient conditions by new design is presented in
Figure 3.5. The size of the sample was 0.8×0.5 mm. The aperture used to collect
data was 0.5 mm and the data acquisition time was 1 second. Th grating used for
this measurement has 600 grooves/mm. The measurement was done in three steps
by choosing different central wavelength. The three obtained transmission spectra
are merged (see Figure 3.5 (a)). The calculated absorbance spectrum is shown in
Figure 3.5 (b). To check the reliability of this test measurement, the absorbance
spectrum is compared with the absorbance spectrum measured at room temperature
in Bruker FTIR spectrometer at 1.0 GPa, both spectra are consistence within the
overlap frequency range as shown in Figure 3.5 (c). The interpretation of measured
spectrum is given in Chapter 6.
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4 High pressure X-ray diffraction
study of β−Na0.33V2O5
4.1 Crystal structure of β−Na0.33V2O5
β−Na0.33V2O5 crystalizes in a monoclinic tunnel-like structure with space group C2/m.
The unit cell of β−Na0.33V2O5 is shown in Figure 4.1. It consists of three structural
units with three inequivalent V sites. The V1 is coordinated with six oxygen atoms and
forms an octahedron (V1)O6. These octahedra build a zigzag double chain structure
along the b-axis by sharing their edges. The V2 is also coordinated with six oxygen
atoms and forms octahedron (V2)O6. These octahedra form a two-leg ladder by corner
sharing. The third structural unit is (V3)O5 polyhedron, these polyhedra form a zigzag
double chain along the b-axis. There are two possible sodium sites located in the
tunnels, represented as a two-leg ladder along the b-axis. For a sodium stoichiometry
x=0.33 every rung of the ladder contains one Na+ ion. When x is below 0.33, the
vacancy is created and some rung of the ladders will not contain Na+ ion. When x is
above 0.33, another possible site in the rung will be occupied with a Na+ ion. The
deviation from x=0.33 disorders the uniformity of the Na+ chain and leads to different
physical properties [22].
4.2 Physical properties of β−Na0.33V2O5
The β−Na0.33V2O5 belongs to low-dimensional β-vanadium bronzes (β−A0.33V2O5)
family, where A1+ (A = Li, Na, and Ag) is a monovalent ion. The β-vanadium
bronzes are typical examples of highly correlated electron systems. They have attracted
great interest because of their remarkable physical properties, such as temperature-
induced metal-insulator transition, charge ordering, and pressure-induced supercon-
ductivity [36].
To understand the physical properties of this material, it is interesting to look at the
pressure-temperature (P-T ) phase diagram (see Figure 4.2) [36]. The β−Na0.33V2O5
shows charge ordering (CO) at 135 K. As the pressure increases, the TCO shifts to lower
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Figure 4.1: Crystal structure of β−Na0.33V2O5 projected in the (010) plane. The vana-
dium oxide two-leg ladder as well as the two kinds of vanadium oxide chains
are also shown. The figure is adopted from Ref [34,35].
Figure 4.2: The pressure-temperature (P-T) electronic phase diagram of
β−Na0.33V2O5 [36]. Notations CO, SC, NM and NP represent charge
ordering, superconducting, normal metallic and the newly observed higher
pressure phases, respectively.
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temperature. At 6.8 GPa the superconducting phase appears below 9 K, but charge
ordering and superconducting (SC) phases coexist up to 7.3 GPa (see Figure 4.2).
By further increasing the pressure the charge ordering phase disappeared and TSC
shifts to a lower temperature and at 12 GPa the superconducting phase vanishes and
it leads to some non superconducting new phase (NP). The superconducting state
competes with charge ordering and NP metallic states. Since the superconducting
phase is adjacent to a charge ordered phase, an important role of charge fluctuations
for the superconductivity is suggested [36].
The β−Na0.33V2O5 is one of the best conductor among vanadium bronzes. At room
temperature it shows a one dimensional metallic character along the b-axis, exhibiting
lowest resistivity in this direction [22]. The recent polarization dependent of optical
study of β−Na0.33V2O5 on single crystal under pressure give an idea about structural
changes happening at around 12 GPa [34,37]. In reflectivity measurements, for E ‖ b,
the overall reflectivity increases with the application of pressure up to 12 GPa and
opposite trend is observed above Pc≈ 12 GPa. The mid infrared band which is claimed
to be of small-polaronic origin, shows red shift and its oscillator strength increases upon
pressure application up to 12 GPa. The red shift shows the decrease of polaron binding
energy revealing that the electron-phonon coupling tends to decrease with pressure.
Above Pc≈ 12 GPa, the opposite behavior of mid-infrared band is observed. For E ⊥ b
, the three phonon modes at around 1000 cm−1 harden with pressure in nearly linear
way, without any abrupt changes. This frequency shift with pressure signifies that,
there is no major change in the local V-O coordination up to 20 GPa. On low frequency
side the new broad excitation with a shoulder on its high frequency side appears above
12 GPa. This feature is interpreted as redistribution of charge among different V-sites.
These features also show hardening with increasing pressure. In infrared data there are
no major changes which indicate structural changes in the system except anomalous
changes at around 12 GPa. Indeed the structural phase transitions are unlikely at
around 12 GPa [37].
In Raman data [34], the anomalous changes in pressure range 9-12 GPa, are inter-
preted in terms of charge transfer between different V-sites. For E ‖ b, the phonon
belonging to V2-O1-V2 bending mode is hardly affected upon pressure application.
This reveals that charge transfer occurs mainly among V1 and V3 sites [34], which
indicate low compressibility along chain direction. In the optical data [34,37] most of
the spectral features are present up to the highest applied pressure. The anomalous
changes in the optical data at around 12 GPa reveal the change in electronic properties
of the system. To understand the effect of pressure on electronic structure, knowledge
about the variation of the crystal lattice was enviable. The pressure dependent X-
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Figure 4.3: Room-temperature powder XRD diagrams of β−Na0.33V2O5 at different
pressures. The arrow indicates the pressure values in ascending order.
The diffraction patterns with purple colour indicate the pressure region (12-
14 GPa) where the anomaly starts.
ray powder diffraction measurements were carried out to get the information about
pressure effect on the crystal lattice of β−Na0.33V2O5.
4.3 Effects of external pressure on crystal structure
of β−Na0.33V2O5
The pressure-dependent structural properties of single crystal β−Na0.33V2O5 were
studied at room temperature by high resolution angle-dispersive powder X-ray diffrac-
tion (XRD). The measurements and analysis procedures are already described in sec-
tion 2.2 of Chapter 2. The resultant integrated data for various measured pressures
is presented in Figure 4.3. There is anomalous changes in the diffraction pattern at
around 12-15 GPa. In order to get the unit cell parameters as a function of pressure,
the diffraction patterns were fitted with the LeBail method by using the crystallo-
graphic computing program JANA2000. The diffraction diagrams of β−Na0.33V2O5
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Figure 4.4: Room-temperature powder XRD diagrams of β −Na0.33V2O5 as a function
of pressure together with the LeBail fits. For the lowest applied pressure
(1.0 GPa), the difference curve (Iobs- Icalc) between the diffraction diagram
and the LeBail fit is shown. Markers represents the calculated peak positions
for the ambient pressure phase.
for few selected pressures together with the LeBail fits are shown in Figure 4.4. To fit
the lowest measured pressure data, the input given to the program for analysis was the
crystallographic structure of the system at ambient-condition, which was monoclinic
unit cell with space group C2/m containing two formula units, with the parameters
a= 15.44 Å, b= 3.61 Å, c= 10.08 Å, and β= 109.6◦. The lattice parameters and their
normalized values as a function of pressure are shown in Figure 4.5 (a), (b). The unit
cell volume as a function of pressure is shown in Figure 4.5 (c). The lattice parameters
a, b, and c decrease monotonically with increasing pressure up to ≈ 12 GPa, while
the monoclinic angle β slightly increases. The diffraction diagrams could be well fitted
with the ambient-pressure crystal structure (C2/m) up to the highest applied pressure
of 20 GPa. To fit the X-ray data for P>15 GPa, different other crystal symmetries and
also other space groups within the monoclinic system were tried out. The quality of
the fits was worse for using other space group and symmetries. However, an anomaly
is observed in the pressure dependence of all lattice parameters in the range 12-15 GPa
followed by a monotonic decrease in the parameters a, b, and c and an increase in the
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Figure 4.5: (a-b)Lattice parameters and normalized lattice parameters and (c) unit cell
volume of β − Na0.33V2O5 as a function of pressure at room-temperature.
The gray bars mark the anomalous pressure range. In (c) the red solid lines
illustrate the fits according to Equation 4.1 to calculate the B0 and B
′
in
two pressure regions i.e., below and above the anomalous pressure range.
angle β . The pressure dependence of the unit cell volume (V) was obtained from the
lattice parameters. The volume was fitted according to the Murnaghan equation [38]:
V (p) = V0[(B
′
/B0)p+ 1]
−1/B
′
. (4.1)
Where B0 = −dp/dlnV is the bulk modulus and B′ is its derivative at zero pressure.
The V(P) together with the fitting curves in the low- and high-pressure range is shown
in Figure 4.5(c). The ambient pressure unit cell volume V0 was kept fixed at the
experimental value of 531.228 Å3. For P<Pc, the bulk modulus B0 evaluated according
to the Murnaghan equation is (53.8±1.5 GPa) and its derivative B′ is 7.8± 0.5 GPa.
In this case the pressure derivative B
′
is significantly larger compared to the value
B
′≈4 typically found for three-dimensional solids with isotropic elastic properties. The
higher value of B
′
thus suggests anisotropic compression properties of β−Na0.33V2O5.
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For P>15 GPa, the values B0 = (72.0 ± 8.0 GPa) and B′=(6.1 ± 1.3 GPa) show the
reduction of an anisotropic compression above Pc.
The results of XRD analysis show the extremely small compressibility along the
b-direction, i.e. along the polyhedral chains, because the chains can be viewed as rigid
objects (see Figure 4.1). This finding is consistent with earlier reports [39]. The de-
crease of the lattice parameters a and c is the indication that, the distance between
the chain is reduced with the application of pressure. Accordingly, an enhanced in-
teraction between the chains is expected, which endorse the charge transfer between
them.
It can be concluded, β − Na0.33V2O5 keeps the ambient pressure crystal structure
up to 20 GPa according to the structural data. There are strong changes in the peak
intensities and new peaks appeared at small diffraction angles at around Pc. These
findings prove that the pressure application induces important structural modifica-
tions at Pc. These structural changes affect the electronic properties of the material,
which could be observed from optical properties. The observed structural changes
are consistent with optical studies, which showed that all spectroscopic signatures are
present up to high pressure [34, 37]. The anomalies observed in the optical response
at 12 GPa is also in full agreement with the anomalies in the results of XRD analysis.
The non continuous decrease in the lattice parameter c at Pc in Figure 4.5(a), reveals
the reduction of the distance between the (V1)O6 and (V3)O5 polyhedra. Above Pc,
the probability of the transfer of charge between the V1 and V3 sites is enhanced ,
which is consistent with the earlier interpretation of the pressure-dependent Raman
data [34].
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5 High pressure infrared study of
BiFeO3
5.1 Multiferroics
Multiferroic are the materials in which at least two of the ferroic features such as fer-
roelectricity, ferromagnetism, ferrotoroidicity or ferroelasticity coexist in single phase.
In a broader definition, it also covers materials with ferro- and antiferro-orders. Rare-
earth ferrites, manganese-based perovskite, Cr2O3, and BiFeO3 are the examples of
multiferroics. In these materials, the ferroelectric and ferro/antiferromagnetic phases
are coupled in such a way to produce a cross phenomenon known as the magnetoelec-
tric effect , e.g., in orthorhombic TbMnO3 the ferroelectric polarization can be induced
with magnetic field and ferromagnetic ordering can be switched on by an electric field
in hexagonal HoMnO3 [40]. Such materials have attracted significant attention be-
cause of not only their interesting magneto-electrical properties but also their wide
applications in the field of information storage, the emerging field of spintronics, and
sensors [41–43].
The origin of ferroelectricity is different in different multiferroics. There is no unique
theory about multiferroicity, every material has to be studied separately. However,
different multiferroics are classified according to the mechanism that drives the ferro-
electricity. The two major classes of multiferroics can be distinguished according to
the mechanism that drives the ferroelectricity, as follows [42]:
(1) Multiferroics, where the ferroelectricity is driven by hybridization, covalency or
other purely structural effects,e.g. BiFeO3 is prototype material.
(2) Multiferroics, where the ferroelectricity is driven by some other electronic mecha-
nism, e.g. correlation effects, with rare-earth manganites as prototype materials.
In the first category, both the polarization and the magnetic order are primary order
parameters of the system. These materials show some coupling between these two
primary parameters. In the second case, ferroelectricity always arises as a secondary
effect that is coupled to some other form of ordering, such as magnetic- or charge-
ordering. The understanding of multiferroics requires a good knowledge of well-known
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ferroic properties such as ferroelectricity, ferromagnetism or ferroelasticity which have
received extensive research efforts over the last decades.
5.2 The perovskite structure class
Perovskites form a large class of materials, deceptively simple in basic structure but
immensely complex in compositional variations, symmetry changes, and physical prop-
erties. These materials exhibit many interesting and intriguing properties from both
the theoretical and the application point of view. Colossal magnetoresistance, ferro-
electricity, superconductivity, charge ordering, spin dependent transport, high ther-
mopower and the interplay of structural, magnetic and transport properties are com-
monly observed features in this family.
The perovskite material has the chemical formula ABX3. In perovskite oxide com-
pounds, the mainly focused point is the chemistry of the BO6 octahedra, since in a
majority of the compounds the A-ion is an alkali, alkaline earth or a rare earth ele-
ment and these species will not contribute to electronic states that govern transport
or magnetic properties. The materials that deviate from the ideal ABX3 chemistry
both in terms of cation and anion deficiency can be regarded as perovskite related
oxides. One example of A-ion deficient perovskites are the family of bronzes with gen-
eral chemistry AxBO3 where ‘A’ is an alkaline, alkali earth or rare earth and ‘B’ for
example is W, Re or Mo [44]. The multiferroic perovskite materials show structural
instabilities, which are derived by various external parameters like temperature, pres-
sure, electric, and magnetic field, etc. The magnetoelectric (ME) multiferroics often
exhibit two structural instabilities, mainly due to the displacement of cations which
gives ferroelectric (FE) properties and tilt of the BO6 octahedra which play a key role
regarding the magnetic properties [45].
5.3 Crystal structure
Crystal structure of perovskite
The crystal structure of perovskite is described with general chemical formula ABX3,
where ‘A’ and ‘B’ are two cations of different sizes, and X is an anion that bonds both
cations. The A-atoms are larger than the B -atoms. The cubic-symmetry structure has
the B -cation in 6-fold coordination, surrounded by an octahedron of anions. The ideal
perovskite crystal structure is shown in Figure 5.1. In the ideal cubic unit cell of such
a compound, the A-atoms sit at the cube corner positions (0, 0, 0), the B -atoms sit at
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body center position (1/2, 1/2, 1/2) and oxygen atoms sit at face centered positions
(1/2, 1/2, 0), (1/2, 0, 1/2) and (0, 1/2, 1/2) (see Figure 5.1 (a)). The structure can
be described as a system of BO6 octahedra joined at the corners and the A-ions are
at the interstitial positions between the octahedra, as shown in Figure 5.1 (b).
(a) (b)
A
B
O
(a)
Figure 5.1: Illustration of the perovskite crystal structure with the chemical formula
ABO3. The A, B and O-site atoms are represented by gray filled circles,
small black filled circles, and open circles, respectively. (a) The unit cell
of perovskite material, (b) the cubic Pm3m crystal structure. The figure is
adopted from Ref [46].
Crystal structure of BiFeO3
BiFeO3 is the only single phase room temperature multiferroic that is currently known,
and it is commonly considered to be a model system for multiferroics. The atomic
structure of BiFeO3 was determined by Michel, et al., in 1969 [47], by performing
X-ray diffraction on single crystals and neutron diffraction on powder samples. The
room-temperature structure of BiFeO3 is a highly rhombohedrally distorted perovskite
with space group R3c [47,48]. The BiFeO3 crystal structure is different from the ideal
perovskite crystal structure. The difference between the cubic Pm3m structure and
the rhombohedral is the tilt of the adjacent FeO6 octahedra and the displacement of
Fe3+ and Bi3+ cations from their centrosymmetric position along [111]pc (pc denotes
the pseudo cubic cell), as shown in Figure 5.2.
Due to the distorted rhombohedral crystal structure, the ferroelectric and ferroelastic
order and a complex interplay between these parameters can be expected, despite of
magnetic order parameter.
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cubic
Pm3m
rhombohedral
R3c
Figure 5.2: Illustration of the ideal cubic pm3m and distorted rhombohedral crystal
structure. The rhombohedral unit cell contains two connected BiFeO3 per-
ovskite units. This figure is adopted from Ref [45].
(a) (b)
Figure 5.3: A perovskite unit of BiFeO3, (a) viewed along the threefold axis, (b) viewed
perpendicular to the threefold axis. The shaded gray circles represent the Bi
atoms, open circles with cross sign show O atoms, and filled circles show
the Fe atoms.This figure is adopted from Ref. [48].
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A perovskite unit viewed along and perpendicular to the threefold axis is illustrated
in Figure 5.3 [48]. The oxygen octahedron is distorted and its rotation is about α =
±13◦ around the threefold axis (see Figure 5.3 (a)). The Fe atom is shifted away from
the center of the deformed oxygen octahedron by about 0.134 Å along the threefold
axis (see Figure 5.3 (b)). The Bi atom is also shifted with respect to two neighboring
octahedron centers by about 0.540 Å along the threefold axis. Bi-Fe distances are
3.0617 Å and 3.8726 Å labeled as ‘k’ and ‘l’ in Figure 5.3 (b), these distances explain
the ferroelectricity. The antiferromagnetic superexchange occurs along the iron-oxygen
chains even if the Fe-O angles are not exactly 180◦. The main reason of the polarization
of this material is the cooperative distortion of the Bi3+ and Fe3+ cations from their
centro-symmetric positions
5.4 Normal vibrations of the perovskite lattice
It has been suggested through experimental and theoretical studies of solids, that the
absorption bands in the infrared spectra are due to the excitation of optically active
vibrations. The infrared allowed vibrations can be determined from the lattice sym-
metry arguments. The perovskite crystal with 3-degrees of freedom; translational,
vibrational and torsional motion of the unit cell, 5 atoms, and N unit cells has total
15N-degrees of freedom (modes), 3N translational, 3N torsional, and 9N are the vibra-
tional modes. The 9 vibrational modes of the unit cell are classified into 3 vibrational
modes of A-site atom against the BO3 group and 6 internal BO3 vibrational modes.
The interactions between these motions depend upon the masses and restoring forces
of the vibrating atoms. The BO3 group is arranged such that the B -atoms form oc-
tahedra with six oxygen O-atoms, and exhibit Oh symmetry [46], which describes six
normal vibrational modes A1g, Eg, 2F1u, F2u, F2g. To explain the normal vibrations
of ABO3 perovskite, here i used an example of BaTiO3 [46]. I explain it for the case
of BiFeO3, because both compounds belong to the perovskite structure class. The
illustration of the two F1u normal vibrational modes is given in Figure 5.4; the two
oxygen atoms along the Fe-O chain direction are labeled as OI , and the other four
oxygen atoms as OII . In Figure 5.4 (a), the sketch of stretching vibrational modes is
shown, which are mainly due to change in Fe-OI bond length, and appears at high-
frequencies compared to bending vibrational modes due to change in OII-Fe-OI bond
angle, illustrated in Figure 5.4 (b).
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(a) (b)
Fe Fe
Figure 5.4: The vibrations of FeO6 octahedra (a) ν1; the stretching modes observed
in the higher-frequency range 400-850 cm−1 (b) ν2 the bending modes ob-
served in the lower-frequency range 200-400 cm−1. The figure is taken from
Ref [46] with small modification replacing Ti by Fe.
The sign of the displacement and the magnitude depend on the force constant and
the masses of the atoms. The vibrational modes will be triply degenerated, since
three equivalent axes exist in a cubic lattice. By lowering the symmetry from cubic to
tetragonal the degeneracy is partially removed and each of the bands (ν1, ν2) consist
of doublet (E) and singlet (A1) (see table 5.1). In the orthorhombic structure the
degeneracy is completely removed, and each band is consist of three singlet (B1, B2 ,
A1). In the rhombohedral structure the bands are again doublet and singlet, because
the symmetry present in the rhombohedral structure is same as that of the tetrago-
nal [46]. The rearrangement of symmetry species for different crystal symmetries are
summarized in Table 5.1. The BiFeO3 belongs to the R3c (C3ν6) space group shows
13 infrared- and Raman-active modes at room temperature, predicted by group the-
ory analysis [49]. They can be classified according to the irreducible representations
4A1 + 9E, i.e., there are 4A1 modes polarized along the direction of the spontaneous
polarization and 9E doublets polarized normal to this direction. In addition, there are
5A2 silent modes.
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Symmetry Point group Species
Cubic Oh F1u
Tetragonal C4ν E, A1
Orthorhombic C2ν B1, B2, A1
Rhombohedral C3ν E, A1
Table 5.1: The degeneracy of the ν1 and ν2 bands when the crystal structure changes,
and symmetry species are rearranged relative to the point group of the re-
spective crystal symmetry [46].
5.5 Physical properties of BiFeO3
The perovskite BiFeO3 is a robust magnetoelectric multiferroic, with the coexistence
of ferroelectric and antiferromagnetic order up to unusually high temperatures with
Néel temperature ≈ 640 K and a ferroelectric Curie temperature ≈ 1100 K [50].
For many years, structural and physical properties of BiFeO3 remained the subject
of controversy. Recently much progress has been made to understand the multiferroics
by investigating the effect of temperature, electric (magnetic) field, chemical substitu-
tion, and external pressure. The enhancement of ferroelectric polarization up to (60
µC/cm2) [51] in epitaxial thin films of BiFeO3, which is order of magnitude higher
than previously observed polarization of bulk material (8.9 µC/cm2) [52], was initially
attributed to the effect of heteroepitaxial strain. The first-principle calculations [53]
have shown that the large value of the ferroelectric polarization is an intrinsic char-
acter of BiFeO3 and is not affected significantly by the presence of epitaxial strain.
The concept has been experimentally proved by obtaining a comparatively high FE
polarization (40 µC/cm2) [54] of bulk BiFeO3, much higher than the previously [52]
observed value.
5.6 Pressure-induced phase transitions in BiFeO3
BiFeO3 is among the first discovered multiferroics, but its understanding is still lim-
ited; one of the reason is that, the synthesis of high quality BiFeO3 samples is not
easy and another reason is the lack of phonon studies of this material, which is im-
portant for the understanding of materials. The investigation of phonons has played a
crucial role in the understanding of structural instabilities in classic ferroelectrics [49].
Phonons are also known to be influenced by spin correlations thus offering a potential
complementary tool to magnetic probes, therefore the role of phonons with regard to
multiferroic and magnetoelectric properties has attracted attention.
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Figure 5.5: Pressure-dependent Raman spectra of BiFeO3, showing phase transitions
at 2.5 GPa [45].
The ME materials have been studied extensively, only very little is known about
the effect of external high pressure on their multiferroic properties. The minute dis-
placement of the atoms in the unit cell give spontaneous polarization, and it has been
suggested that a phase transition in these ferroelectrics might results from the insta-
bility of one of the normal vibration modes of the lattice.
Regarding the phonon study, the Raman measurements under pressure on single
crystal of BiFeO3 by Haumont et al. [45] reveal the appearance of new modes and
clear anomalies around 3 GPa only for the modes below 250 cm−1, which are shown
in Figure 5.5. They have also observed another phase transition at 9 GPa from the
detailed analysis of different band chracteristics (wavenumber, intensity and/or line
width). They have used argon as a pressure transmitting medium.
In Ref [55], the Raman spectra measured in the pressure range 0-50 GPa at room
temperature clearly shows the two phase transitions below 10 GPa. In this study
methanol-ethanol mixture was used as a pressure-transmitting medium. The spectra
clearly illustrating the phase transitions are shown in Figure 5.6. In Figure 5.6 (c),
56
5.6 Pressure-induced phase transitions in BiFeO3
(a) (b)
(c) (d)
Figure 5.6: (a)Raman spectra of BiFeO3 measured in the pressure range of 0-8.6 GPa
(b) Raman spectra of BiFeO3 illustrating the lower-frequency phonons mea-
sured in the pressure range of 7-42.7 GPa. (c) The representation of E and
A modes of the mid-frequency Raman spectra measured at 0.4 GPa. (d)
The pressure-dependent evolution of the peak position of selected Raman
modes. The vertical dotted lines indicate the pressures at which the tran-
sitions take place. The inset shows the intensity ratio of the E-6 mode to
the A1-1 mode in the pressure range of 0-6 GPa. The figure is adopted
from [55].
the modes polarized along the direction ‘A’ and normal to the polarization direction
‘E’of spontaneous polarization are shown. In Figure 5.6 (d), the Raman modes near
300 cm−1 show the redshift of the phonon frequency at around 3 GPa which is at-
tributed to the distortion of FeO6 octahedra. Another phase transition is at around
8.6 GPa, clearly indicated by the disappearing of modes below 250 cm−1 together with
the enhancement of two modes in the range of 300-400 cm−1 (see Figure 5.6 (b)),
and these changes are attributed to the symmetry change from rhombohedral to or-
thorhombic. The third phase transition was observed at 44.6 GPa indicated by the
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(a)
(b)
4 7 10 13 16 19 22
Figure 5.7: (a)Diffraction diagrams with Rietveld refinement of BiFeO3 at three se-
lected pressures (0.6, 6.2, and 14.1 GPa) representing rhombohedral, mon-
oclinic, and orthorhombic symmetries, respectively. (b) Lattice parameters
of the pseudo cubic unit cell of BiFeO3 as a function of pressure, clearly
showing discontinuous changes at 3 GPa and 10 GPa revealing two struc-
tural phase transitions. The inset showing a part of the diffraction pattern
obtained at the highest investigated pressure of 37 GPa, reveals the or-
thorhombic Pnma structure which is maintained even up to this pressure.
The figure is adopted from Ref [56].
disappearing of E-3 and E-4 modes, this transition is due to the symmetry change
from orthorhombic to cubic, and it directly supports the speculated pressure-induced
insulator-metal transition. The theoretical ab initio based calculations have predicted
a single pressure-induced structural transition from the initial rhombohedral R3c struc-
ture to an orthorhombic Pnma (GdFeO3-type) structure around 13 GPa [57].
The structural analysis of BiFeO3 under high pressure up to 37 GPa was performed
by X-ray powder diffraction experiments at the European Synchrotron Radiation Fa-
cility (ESRF) on the ID09A high-pressure beamline. Hydrogen as a pressure trans-
mitting medium was used. The significant changes in the multiplicity and intensity
of the Bragg peaks were observed at Pc1=3.6 GPa and Pc2=10 GPa, which reveal the
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two structural phase transitions. The XRD results are shown in Figure 5.7. In Fig-
ure 5.7 (a), numerous weak reflections appear above 3.6 GPa in the diffraction pattern,
which is evidence of new phase [56].
In Figure 5.7 (b), the pressure-dependence of the pseudocubic unit cell parameters
of BiFeO3 are given, which are instructive for phase transition. In this figure there
are subscripts (R, M and O) with cell parameters, representing the space group rhom-
bohedral, monoclinic and orthorhombic. The rhombohedral phase is very sensitive to
pressure, which is reflected by significant decrease in both aR and cR. This first phase
transition at Pc1 from R3c to C2/m corresponds to a change in cation displacements
and a change in the oxygen tilting system. Moreover, within the monoclinic region the
lattice parameters decrease with increasing pressure leading to a compressibility, and
the βM angle decreases slowly from 108.24◦(6.2 GPa) to 107.13◦ (9.8 GPa) but does
not reach 90◦ before the M→O transition. A further increase in the pressure induces
a phase transition at pc2 from the monoclinic phase to the Pnma orthorhombic phase,
which is nonpolar, but with a distortion due to octahedra tilts. Another important
point is that the discontinuous changes in the cell parameters at Pc1and Pc2 indicate
that both R→M and M→O phase transitions are of first order.
Controversial to the above findings, recently there were experimental [58–61] (X-
ray diffraction, nuclear forward scattering, X-ray emission method, optical absorption
and DC resistivity measurement) and theoretical [62] studies on BiFeO3 under high
pressure, where they found anomalies around 45-55 GPa in their data. They did
not observe any anomaly below 15 GPa. This is surprising, because ferroelectric
instabilities are known to be very sensitive to pressure, and therefore all ferroelectric
perovskites usually show at least one structural phase transition below 15 GPa.
The aim of this study is to verify experimentally the occurrence of the pressure-induced
phase transition sequence in BiFeO3 below 15 GPa. High-pressure infrared studies of
phonon modes are rare in the literature, mainly because of the experimental difficulties
when compared with Raman scattering.
5.7 High pressure infrared reflectivity of multiferroic
perovskite BiFeO3
5.7.1 Far-infrared high pressure experiment
Repeated pressure-dependent far-infrared reflectivity measurements up to 10 GPa at
room temperature were carried out on the surface of as-grown BiFeO3 crystals (sample
size about 80 µm × 80 µm × 40 µm) at the infrared beamline of the synchrotron radi-
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Figure 5.8: Room-temperature reflectivity Rs−d spectra of BiFeO3 for few selected pres-
sures.
ation source ANKA in Karlsruhe. The explanation about the measurement procedure
is given in Chapter 2. The far-infrared reflectivity spectra for few selected pressure
are shown in Figure 5.8.
5.7.2 Results and discussion
The reflectivity spectra were fitted with the generalized-oscillator model with the fac-
torized form of the complex dielectric function, which is described in chapter.2. To fit
the reflectivity data under pressure, the values of the high-frequency permittivity ǫ∞ as
a function of pressure are needed, which were calculated by using the Clausius-Mossotti
relation [63]:
ǫ∞(P )− 1
ǫ∞(P ) + 2
=
α˜N
3ǫ0V (P )
, (5.1)
where α˜ is the average atomic polarizability of the unit cell, which was obtained
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Figure 5.9: Pressure dependence of the unit cell volume, calculated according to the first
order Birch equation of state Equation (5.2) and the high-frequency per-
mittivity ǫ∞ as a function of pressure, calculated according to the Clausius-
Mossotti relation, Equation (5.1).
from the lowest-pressure data, V(P) is the unit cell volume as a function of pressure
calculated from the first-order Birch equation of state [64, 65]:
P (x) =
3
2
B0x
−7(1− x2), (5.2)
where x = [V (P )/V (0)]1/3. For the bulk modulus at zero pressure we assumed
B0=111 GPa from the experimental XRD data [56]. The resulting pressure depen-
dence of the unit cell volume is presented in Figure 5.9 together with the high-frequency
permittivity ǫ∞ as a function of pressure.
The estimated value of ǫ∞ at ambient pressure is 6.8. It is higher than the value
of 4.0 reported for BiFeO3 ceramics [66], but lower than ǫ∞ = 9.0 reported for single
crystals [49]. Therefore, the ǫ∞ value used in this work is reasonable. The fit of the
measured reflectivity spectrum at 0.8 GPa is compared to the simulated ambient pres-
sure spectrum in the diamond anvil cell using the fitting parameters from Ref [49] are
shown in Figure 5.10. Both reflectivity spectra look similar but the overall reflectivity
level is different. The other main differences are the sharpness of the phonons and the
mode at 274 cm−1 observed by Lobo et al [49] marked by an asterisk in the reflectivity
curve, this mode becomes weaker in pressure measurements due to the broadening
effect. This feature could not be resolved reliably in pressure-dependent measured
spectra and therefore it was neglected in the fitting procedure.
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Figure 5.10: Fit of the measured reflectivity spectrum of BiFeO3 at 0.8 GPa (solid line)
compared to the simulated ambient pressure spectrum in the diamond anvil
cell using the fitting parameters from Ref [49] (dashed line). The arrows
indicate the frequencies of TO phonons found by Lobo et al. [49] The
asterisk marks the kink produced by the mode at 274 cm−1.
ωTO(γTO) ω
amb
TO (γ
amb
TO ) ωLO(γLO) ∆ǫ ∆ǫ
amb
269 (51) 262 (9.1) 348 (41) 18.2 14.8
274 (33.5) 2.45
348 (36) 340 (17.4) 374 (43) 0.023 0.27
380 (41) 375 (21.6) 433 (43) 0.32 0.475
443 (33) 433 (33.8) 472 (44) 0.15 0.301
529 (48) 521 (41.3) 588 (48) 0.69 1.14
592 (46) 614 (37) 0.019
Table 5.2: Room-temperature fitting parameters to describe the reflectivity spectrum of
BiFeO3 at 0.8 GPa, compared to the room-temperature parameters obtained
at ambient pressure by Lobo et al. [49], denoted by ωambTO , γ
amb
TO and ∆ǫ
amb.
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Figure 5.11: Illustration of the fit with the 4p-model for three selected pressure (0.8,
4.4, 8.6 GPa); The dashed lines are the fits, the spectra are presented
with an offset along the vertical axis for clarity.
According to the fit of the data with the generalized-oscillator model the transverse
optical modes are located at 269, 348, 380, 443, 529 and 592 cm−1 for the lowest
measured pressure (0.8 GPa).
The frequencies of the these transverse optical modes are in good agreement with the
results for BiFeO3 single crystal obtained by Lobo et al [49] at ambient condition.
The damping constants γTO are higher in the case of pressure measurements. The
comparison of both results is given in Table 5.2.
The frequencies of the optical phonons have been calculated theoretically [67] and
determined experimentally by infrared [49] and Raman [68,69] spectroscopy on single
BiFeO3 crystals. All the phonon modes listed in Table 5.2, besides the weak mode
at 592 cm−1, belong to the E representation. E phonon modes are polarized normal
the direction of spontaneous polarization [111]pc. This indicates that the electric field
of the synchrotron radiation used in infrared high pressure experiment was polarized
approximately along the [-110]pc direction, similar to the experiment of Lobo et al. [49].
In Figure 5.11, the reflectivity spectra for three selected pressures with the corre-
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Figure 5.12: (a) Frequencies of the transverse optical phonons in BiFeO3 as a func-
tion of pressure, obtained by fitting the reflectivity spectra Rs−d(ω) with
the generalized-oscillator model. The vertical dashed lines indicate the
pressures of the two phase transitions. (b) Real part σ1(ω) of the optical
conductivity of BiFeO3 for selected pressures, obtained by fitting the re-
flectivity spectra Rs−d(ω) with the generalized-oscillator model; the spectra
are presented with an offset along the vertical axis for clarity. The ar-
row marks the position of the phonon mode at 565 cm−1 emerging above
3 GPa.
sponding fits are shown. These spectra are presented with offset along the vertical axis
for clarity. From the fit the frequencies as a function of pressure are extracted and
plotted (see Figure 5.12 (a)). Below 3 GPa the reflectivity spectra in the measured
frequency range can be well fitted using six oscillators. Above 3 GPa an additional
oscillator was needed for a reasonable fit of the spectra. Finally, above 7.5 GPa the
number of oscillators reduces to six again. The evolution of the optical conductivity
σ1(ω) with increasing pressure is shown in Figure 5.12 (b). One can clearly see the
changes of the optical conductivity spectra across the transition pressures Pc1 = 3 GPa
and Pc2 = 7.5 GPa.
On comparison with the phonon spectra of typical perovskite materials like LaTiO3
and BaTiO3, [46, 70] the experimentally observed modes can be attributed to FeO6
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octahedral bending and stretching modes (in the frequency ranges 200-400 cm−1 and
400-850 cm−1, respectively). The Bi ions are involved only in the lower-frequency
(<200 cm−1) modes located below the measured frequency range of this study. The
change in the pressure dependence of the phonon mode frequencies at Pc1 and Pc2
could thus be assigned to changes in the octahedral distortion, because the bending
and stretching modes of the FeO6 octahedra, exhibit a displacement of the Fe3+ cations
from their centrosymmetric position along the pseudocubic [111]pc direction [48,71].
The XRD data [56] under pressure supports our pressure-dependent far-infrared re-
flectivity data. BiFeO3 undergoes two pressure-induced instabilities. A first structural
phase transition occurs at 3 GPa and is attributed to the superimposition of FeO6
octahedra tilts and cations displacement, and the structure changes from rhombohe-
dral to monoclinic. A second structural phase transition at 7.5 GPa (IR) and 10 GPa
(XRD) [56] is due to the structural changes from monoclinic to orthorhombic with
Pnma symmetry. This second phase transition is an agreement with a recent theo-
retical ab-initio prediction. In second transition with Pnma symmetry the unit cell
contains 4 formula units,i.e, twice the atoms than the rhombohedral R3c unit cell with
2 formula unit. The phonon modes become doubled in orthorhombic structural phase.
The increased number of modes in the Pnma phase compared to 13 modes in the R3c
phase should originate from the splitting of the E symmetry doublets and the general
doubling of all modes due to the unit-cell doubling. Therefore a splitting of the phonon
modes across the transition pressure is expected, although some modes can vanish due
to the selection rules. The infrared measurements present a similar effect above 7.5
GPa, where the phonon mode located at 520 cm−1 splits into two modes below the
transition pressure (see Figure 5.12 (b)).
The second pressure-induced phase transition in infrared study occurs at Pc2=7.5
GPa. The X-ray powder diffraction study [56] shows the second phase transition from
monoclinic to orthorhombic at 10 GPa, in this study the hydrogen was used as a
pressure transmitting medium. The high pressure Raman study of BiFeO3 by Y.Yang
et al. [55] reveals one of the pressure-induced phase transition at 8.6 GPa, which
is attributed to the symmetry change from rhombohedral to orthorhombic. They
used methanol-ethanol mixture as a pressure transmitting medium. Another high
pressure Raman study by Haumont et al. [45] shows one of the pressure-induced phase
transition at 9 GPa, argon was used as a pressure transmitting medium in this study.
The discrepancy in the Pc2 was understood by different pressure transmitting media.
The recent high pressure X-ray diffraction study on single crystal of BiFeO3 with
hydrostatic (helium) and non-hydrostatic (silicon oil) pressure medium [72] show the
phase sequence R3c−→PhaseII−→PhaseIII−→Pnma
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Figure 5.13: The lattice constants in the top panel, the rhombohedral angle is shown as
an inset. In the bottom panel the relative volume is shown. The filled and
open symbols correspond to hydrostatic and non-hydrostatic conditions,
respectively. The grey colored stripes represent the domains of various
phases for hydrostatic conditions. The phase sequence for non-hydrostatic
conditions is indicated by dashed lines in the volume plot. The figure is
taken from Ref [72].
and R3c−→PhaseII−→PhaseIII−→PhaseIIIb−→Pnma , respectively. The transition
pressures are consistent with X-ray powder diffraction and infrared study [56], ex-
cept the intermediate transition from PhaseII-PhaseIII. For PhaseII and PhaseIII
orthorhombic space group is used by Belik et al. [73], but Guennou et al. [72] and
Haumont et al. [56] used monoclinic C2/m space group to calculate lattice constants.
The different phase transitions are shown in Figure 5.13, the transition pressure for
PhaseIII in case of hydrostatic and for PhaseIIIb in case of non-hydrostatic conditions
is consistent with Pc2=7.5 GPa of infrared data.
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6.1 Crystal Structure of Spinels
The class spinels is described by the general formula AB2X4, where X represents the
anion and A and B are the cations. The conventional cubic unit cell of spinels shown in
Figure 6.1 (a) has 8 formula units, i.e., in total 56 atoms of which 32 are anions and 24
cations. The A-site cations are tetrahedrally coordinated with X -anions, while B -site
cations are in octahedral environment, as shown in Figure 6.1 (b) and (c), respectively.
There are 96 interstices between the anions in the cubic unit cell of which 64 are
tetrahedral interstices and 32 octahedral interstices. Out of 64 tetrahedral interstices,
8 are occupied by cations and the remaining 16 cations occupy half of the 32 octahedral
interstices [74].
The tetrahedrally coordinated cations form a diamond cubic sublattice and the
octahedrally coordinated cations form a corner shared pyrochlore lattice as shown in
Figure 6.1 (d). The anions are arranged in a pseudocubic close-packed (ccp) form.
The A-site tetrahedra in spinels are isolated from each other and share corners with
neighbouring B -site octahedra. No edge sharing occurs between A-site tetrahedra and
other A- or B -site polyhedra. B -site octahedra share six of twelve X-X edges with
nearest neighbor B -site octahedra. The other six edges are shared with octahedra that
are surrounded with vacant sites. The X-X edges that are shared by the B -cations
form chains in the lattice along the (110) directions. Because no intervening anions
obstruct neighboring B -site cations, the B-B distances are short which facilitates the
electrical conductivity in some spinels, via electron hopping between B -sites [75–77].
The manner in which the cations are distributed amongst the tetrahedral and oc-
tahedral sites gives rise to two different classes of spinels [75, 76]: (i) Normal spinels
and (ii) Inverse Spinels. Many compounds that exhibit the spinel structure can ac-
commodate significant amounts of cation disorder. A normal 2-3 spinel refers to a
compound that is composed of divalent and trivalent cations, the divalent minority
cations occupy the tetrahedral A-sites, whereas the trivalent majority cations reside
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in octahedral B -sites. For example, ZnCr2Se4 is a normal spinel compound, which
has a divalent cation (Zn) on the A-site and trivalent cation (Cr3+) on the B -site. In
inverse 4-2 spinels, e.g., TiMg2O4, the A-sites are filled entirely by divalent majority
cations (Mg2+), whereas the B -sites are occupied by divalent majority (Mg2+) and
quadravalent minority (Ti4+) cations, in equal proportions. The structural formula for
spinels with composition AB2X4 may be written as follows:
[Bq+i A
p+
1−i]
AIV [Ap+i/2B
q+
(2−i)/2]
BV I
2 X4 (6.1)
where Ap+ and Bq+ are minority and majority cations, respectively. The first quantity
in brackets represents the average occupancy of A-sites (coordination number of four
(IV )), whereas the second quantity in brackets represents the average occupancy of
B -sites (coordination number of six (VI )). The variable i is the so-called inversion
parameter, which specifies the fraction of A-sites occupied by majority ions. For
normal spinels, i=0; for random cation arrangements, i =2/3, and for inverse spinels,
i=1, the variables p and q refer to the average charge of the cations occupying the A-
and B -sites, for different cation configuration [74]. In this chapter, the investigated
spinels are A(Cr, V)2X 4, where A=Zn2+, Mg2+, Cd2+ and Hg2+ and X=O2−, S2−,
and Se2−. The B -site chromium and vanadium are trivalent cations.
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Figure 6.1: Crystal structure of normal spinels, (a) the cubic unit cell, (b) A-site cations form tetrahedra with anions at the
X-site and (c) B-site cations make octahedra with the X-site anions. (d) A-site sublattice is a diamond cubic lattice
and B-site sublattice forms network of corner shared tetrahedra named as pyrochlore lattice.
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6.2 Electronic States of d-electron systems
In solid state, the atomic orbitals form bands due to the periodic arrangement of the
atoms. The band width is determined from the overlap of the valence of adjacent
atoms. In transition-metal compounds, the overlap is determined by indirect transfer
between d -orbitals through ligand p-orbitals. In this case the bandwidth is determined
by the overlap of the d -wavefunction at a transition-metal atom and the p-wavefunction
at the adjacent ligand atom. The ligand atoms form bridges between two transition-
metal atoms, and because of this indirect transfer through ligand atomic orbitals, the
d -bandwidth becomes narrower [78]. The 3d -orbitals under the strong influence of
the octahedral crystal-field (CF) split in a higher energy level eg(two-fold degenerate)
and lower energy level t2g(three-fold degenerate). Apart from strong spin fluctuations,
effects of orbital fluctuation and orbital symmetry breaking play important roles in
many d-electron systems. In this regard the orbital degeneracy is an important and
unavoidable source of complicated behavior. In this chapter, the investigated systems
have Cr3+ and V3+ in octahedral environment. The electronic configuration is 3d3 and
3d2 with total spin S=3/2 and S=1, respectively.
6.2.1 Free transition metal ion
In the partially filled shell the interaction between electrons is less compared to the
filled shell. The electrons in a shell of a free ion are subject to two main interactions;
First, the electrons in a shell repel each other and the energy of the configuration (d1,
d2, d3, etc.) depends on how the electrons occupy the orbitals of the shell relative
to one another. Secondly there is an interaction of electron spins and orbital angular
momenta. The interelectronic repulsion breaks the degeneracy of the orbital into a
number of energy levels. As an example, the splitting of the d2 configuration due to
the interelectronic repulsion and the spin-orbit coupling is shown in Figure 6.2. The
energy levels S, P,D, F andG are characterized by the total orbital angular momentum
L and total spin angular momentum S [79]. These energy levels are labeled by using
the nomenclature (2S+1)X , where the quantity (2S+1) is the multiplicity of that energy
level. For the total angular momentum, L= 0, 1, 2, 3, 4, 5, ..., the X will be X= S, P,
D, F, G, H...., respectively. The energy levels for d3 configuration are 4F, 4P, 2H, 2G,
2F, 2* 2D, 2P. The lowest energy level is determined by the application of the Hund´s
rule, which states that the level with maximum multiplicity tends to lie lowest in
energy [79]. The energies of the different levels are a function of the electron repulsion
parameters called Racah parameters B and C. For the separation between the energy
levels of the same multiplicity factor, only parameter B is involved, while for a different
70
6.2 Electronic States of d-electron systems
Energy levels Energy states
Figure 6.2: The splitting of the d2 configuration due to interelectronic repulsion and
spin-orbit coupling, which is the case for V3+. The energy levels are named
singlet and triplet according to the total spin (S) values 0 and 1, respec-
tively. The figure is adopted from Ref [79].
multiplicity of energy levels both B and C are involved. For free transition-metal ion,
the energy separation between adjacent energy levels is of the order of 10,000 cm−1
and it is larger than the spin-orbit coupling energies of transition-metal ion in the first
transition series.
Each energy level of a configuration (dn) is (2L+1)(2S+1)-fold degenerate. In case
of an unfilled shell of electrons of free ion, the spin-orbit coupling is considered as
a small perturbation on the energy levels which are set up by electronic repulsion.
The each energy level (S, P, D, etc) is split up into a number of states, which are
specified by the total angular momentum J due to L-S coupling. Each state is (2J+1)-
fold degenerate. The J ranges from |L− S| to |L + S|, and the lowest value of J,
|L− S|, lies at the lowest energy. The nomenclature to represent the state energy is
(2S+1)LJ. The parameter which measures the strength of the interaction between spin
and orbital angular momenta of a single electron is ζ. The experimentally observed
and theoretically calculated energy levels of Cr3+ion [80] are shown in Figure 6.3.
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Figure 6.3: (a) The experimentally observed energy levels and (b) the theoretically cal-
culated energy levels of the Cr3+ free ion. The figure is adopted from
Ref [80].
6.2.2 Crystal-field
The crystal-field theory describes the electrostatic interaction between the central
metal ion and surrounding ions or ligands. In case of an isolated transition-metal
atom or ion all five d -orbitals are alike in energy (five-fold degenerate). In a crystal,
the spherical symmetry of the ion will be reduced due to the strong anisotropic CF and
the fivefold orbital degeneracy is lifted. This leads to a splitting of the energy levels
and is called the crystal field splitting (∆CF). If the electrostatic interaction between
the metal ions and ligands is stronger than the electron-electron interaction within
the ion, this gives a strong crystal-field. If the electrostatic interaction between the
central metal ion and surrounding ligands is less than the electron-electron interaction
but larger than the spin orbit coupling, the crystal-field will be intermediate. The
crystal-field effect is weak if the electrostatic interaction between the central metal ion
and surrounding ligands is smaller than the electron-electron interaction and the spin
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Figure 6.4: The configuration of transition metal 3d-orbitals under octahedral crystal-
field. The blue colour filled circles pointing towards the x, y, and z axes are
the ligand atoms.
orbit coupling [81]. Moreover, the interaction of d -orbitals of transition-metal ion with
ligand atoms in octahedral and tetrahedral environment is different.
Octahedral crystal-field
In case of the octahedral crystal-field, all d -orbitals will not interact to the same extent
with the six ligand atoms located on the +x, -x, +y, -y, +z and -z axes respectively,
which are illustrated in Figure 6.4. The orbitals which lie along these axes (i.e. dx2−y2 ,
dz2) will be destabilized more because of the strong repulsion between the electrons of
the ligand ion and the d-electrons of transition-metal ion. Therefore these dx2−y2 , d z2
(eg) orbitals will be at higher energy than the orbitals which lie in between the axes (i.e.
dxy, dxz, dyz) (t2g) orbital. The splitting of five d -orbitals in the octahedral crystal-field
with cubic Oh symmetry is shown in Figure 6.5. This crystal-field splitting between the
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Figure 6.5: (a) Crystal-field splitting of 3d-orbitals under the octahedral crystal field of
cubic Oh and tetragonal D4h symmetries (b) the distortion of the octahedron
during the transition from cubic symmetry to tetragonal symmetry. The
figure is taken from Ref [81] with small modification.
t2g and the eg levels is often defined as 10Dq. When the symmetry changes from cubic
to tetragonal, the two eg orbitals of the octahedral field become non degenerate as a1g
and b1g in the tetragonal field. Degeneracy among the t2g orbitals in Oh symmetry, is
partially lifted to become b2g and eg in the tetragonal field with D4h symmetry.
By considering the tetragonal symmetry on transition metal site, the distortion
of the octahedron by moving the two ligands (along z-axis) away from the central
metal ion exhibits D4h symmetry is shown in Figure 6.5. In this case the repulsion
is lower between ligand electrons and the metal electrons in d -orbitals that have a
substantial electron distribution along z. Thus the energies of thedxz, dyz, and d z2
orbitals are lowered. It is assumed that the stretching along the z-axis is accompanied
by a counterbalancing contraction in the xy-plane, so as to maintain the overall energy
of the system, then the orbitals with substantial electron distribution in the xy-plane
will experience increased repulsions. Thus, the dxy and dx2−y2 orbitals rise in energy.
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Figure 6.6: The configuration of transition-metal 3d-orbitals under tetrahedral ligand
arrangements. The blue colour filled circles are the ligand atoms.
Tetrahedral crystal-field
In a tetrahedral arrangement of Td symmetry, the dx2−y2 and d z2 orbitals (eg orbitals)
lie between the ligands, while the dxy, dxz, dyz orbitals (t2g orbitals) are directed more
in the direction of the ligands as shown in the Figure 6.6. As a result, the electrostatic
dxy
(Td symmetry)
e
t2
Free atom
(3d-orbitals)
dyz dxz
dx2-y2 dz2
Figure 6.7: The splitting of 3d-orbitals under the tetrahedral crystal-field of Td symme-
try.The figure is taken from Ref [81] with small modification.
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repulsion between the electrons of the ligand and the eg orbitals of the transition-metal
is less compared to the electrostatic repulsion between the electrons of ligand atoms
and that of t2g orbitals of the transition-metal. Consequently the eg orbitals have
lower energy compared to t2g orbitals. This is because only four bonds are formed and
the metal orbitals used in the bonding do not point right at the ligands as they do in
octahedral complexes. The splitting of the five d -orbitals in tetrahedral crystal-field
with Td symmetry is shown in the Figure 6.7.
Spin states
In d1 - d3 electron systems, Hund´s rule predicts that the electrons will not pair and
occupy the t2g levels. In comparison to that, in d4 electron systems, three electrons
can occupy the t2g levels but for the fourth electron there are two possibilities: either
it goes to the eg level, and electrons do not pair, called the high spin (HS) state or it
occupy the t2glevels and therefore electrons are partially paired and leads to low spin
(LS) state. Both HS and LS are illustrated in Figure 6.8. The investigated materials
ffioct
small
eg
High spin state(b)
ffioct
large
Low spin state(a)
t2g
eg
t2g
Figure 6.8: (a) Low-spin (LS) state and (b) high-spin (HS) of a transition-metal ion
in an octahedral environment with a d4 configuration.
described in this chapter have Cr3+ and V3+ in octahedral arrangement with electronic
configuration 3d3 and 3d2, respectively.
6.2.3 Tanabe-Sugano diagram
For d -electron systems, the splitting of energy levels depends not only on the CF
effect but also on the electrostatic repulsion between d -electrons and the spin orbit
interaction. The Hamiltonian for the d -orbitals is [82]
H = HCF +Hes +Hso. (6.2)
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Figure 6.9: Tanabe-Sugano diagram of energy levels for a chromium ion with 3d3 con-
figuration in an octahedral crystal field (B= 933cm−1,C =4.5B). The solid
lines show the level of spin-allowed transitions. The figure is adopted from
Ref [79].
HCF represents the CF splitting, Hes is the electrostatic repulsion between d -electrons
and Hso is the spin orbit interaction. For the 3d -series the magnitude of spin-orbit
coupling is smaller compared to the other terms in the Hamiltonian. The electronic
repulsion is expressed in terms of Racah parameters denoted by A, B and C. A does
not appear in crystal field term, only B and C are present in CF term.
In transition-metal ions, Racah parameters are to be further reduced by fixing the
ratio C/B to a value at around 4.5. When spin-orbit coupling is ignored, the energy
levels calculated for dn system will depend on the ligand field strength (∆) and B [79,
82]. The results are presented in the form of Tanabe-Sugano diagrams by plotting
the energies of the levels along the vertical axis in units of B against the ratio ∆/B.
Tanabe-Sugano diagrams are used for the interpretation of spectra in a quantitative
way. A Tanabe-Sugano diagram for the d3 configuration in an octahedral field is shown
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in Figure 6.9. The arrangements of d -electrons are different in various states such as
4F and 4P, and interelectronic repulsion is different in these states [82]. The solid and
dotted lines show the level of spin-allowed and spin-forbidden transitions, respectively.
The ruby lines R1 and R2 shown in Figure 2.4 are the first two spin-allowed transitions
from ground state 4A2 toward the 4T2 and 4T1.
6.2.4 Metal-insulator transition
The Electron correlation effect is the most fascinating and challenging subject in con-
densed matter physics. In solids with d - or f -electrons, the electron correlations are
generally strong. In general, the correlation effect is large when two electrons with spin
up and down occupy the same d -orbital of a transition-metal atom. The transition-
metal oxides with partially filled d -electrons are poor conductor and indeed often insu-
lator. This insulating behavior is due to strong coulomb repulsion between electrons,
which prevents the electrons to move at all and this state is called Mott Insulator [78].
The metal-insulator transitions (MIT) are extensively studied in d -electron sys-
tem. These MIT are actually derived by strong correlation effect associated with the
electron-electron interaction and the interplay between charge, orbital and spin degrees
of freedom. For non-interacting or weakly interacting systems the metal and insulating
states are based on the filling of the electronic bands. For insulators the highest filled
band is completely filled; for metals, it is partially filled. In other words, the Fermi
level lies in a charge gap in insulators while the level is inside a band for metals.
A prototype of theoretical understanding for transition between the Mott insulator
and metals is achieved by using single band Hubbard model, given below [78,83],
H = Ht +HU , (6.3)
Ht = −tΣ〈ij〉(c+iσcjσ), (6.4)
HU = UΣini↑ni↓. (6.5)
Ht is the kinetic energy term which expresses the quantum mechanical hopping of
electrons in a conduction band. The operators c+iσ and cjσ are standard fermionic
creation and annihilation operators for an electron with spin s (either ↑ or ↓) at the
site i and j, respectively. The second term HU , considers the local Coulomb interaction
U between the electrons. The operator niσ=c+iσ ciσ represents the occupation number
of electrons with spin σ at the site i.
In this Hamiltonian every electron is considered to be in single orbit within a band
without any electron-electron interaction. The simplifications are needed to describe
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Figure 6.10: Metal-insulator phase diagram based on the Hubbard model in the plane
of the electron correlation strength U/t and filling n. Two routes for the
metal-insulator transition (MIT) are shown: the FC-MIT filling-control
MIT (FC-MIT) and the bandwidth-control MIT (BC-MIT). The figure is
adopted from Ref [78].
the d -electron system by this model. One has to assume that either the ligand p-
orbitals are far from d -orbitals of the transition-metal or they are strongly hybridized
and form a single band. A detailed description of this approach can be found in
Ref [78].
There are two important parameters in the Hubbard model: the electron-correlation
strength U/t and the band filling n. The schematic phase diagram in terms of these
parameters is shown in Figure 6.10. The metal-insulator transition (MIT) occurs by
varying the controllable parameters. Two routes for the MIT are the filling-control
MIT (FC-MIT) and the bandwidth-control MIT (BC-MIT). The green shaded area
is in principle metallic but under the strong influence of MIT. In this regime fluctua-
tions of spin, charge, and orbital correlations are strong, the metallic phase with such
strong fluctuations near the Mott insulator is called the anomalous metallic phase.
In case of a nondegenerate band, i.e. with n=0 and n=2 fillings the system behave
as a band insulator. The filling at noninteger n usually leads to the metallic phase.
The interesting phase is the half-filled case(n=1), where the change of U/t drives the
insulator-to-metal transition (Mott transition) at a critical value of U/t except in the
case where the critical value U is zero. At a finite U a bandwidth control (BC)-MIT
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occurs. In case of BC-MIT, the metallic state from the Mott insulator is obtained
by increase the hopping integral t with the application of pressure, which reduces
the relative strength of electron correlation. The on-site Coulombic interaction is al-
most unchanged during this process. The BC-MIT are observed in A(Zn, Mg)V2O4
presented in this chapter.
6.3 Classes of magnetic systems
There are various classes of magnetic materials despite the conventional magnets such
as ferromagnets, antiferromagnets, and ferrimagnets, which possess different spatial
dimensions, ranges, and signs of interactions and exhibit the anisotropy of the magnetic
spin. The different ground states of the magnetic system are categorized with the
perspective of frustration and disorder in the lattice, which are shown in Figure 6.11.
Ferromagnetism
Anti-ferromagnetism
Ferrimagnetisms
Metamagnetism
.
Geometrical 
frustration
Random fields
percolation Spin glass
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Figure 6.11: The ground states of magnetic systems with perspective of frustration and
disorder in the lattice. The figure is adopted from Ref [84].
There is a natural interrelationship, if we treat the site disorder and frustration as
independent parameters. The top left box in Figure 6.11 lists the well understood
magnetic classes, which corresponds to both weak frustration and low disorder. The
lower left box shows the phenomena of random field magnetism and percolation effects
due to low frustration and high disorder in the lattice. The spin glass state exhibits high
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Figure 6.12: Frustrated lattices: (a) Triangular lattice, where 3 magnetic ions reside
on the corner of a triangle.(b)Tetragonal Lattice, with 4 magnetic ions on
the corner of tetrahedron. The solid lies indicate the nearest neighbor in-
teractions and interrogative marks show undefined orientation of electron
spin and undefined interactions between spins which leads the system to
frustration.
frustration and high disorder. The upper right box represents geometrical frustrated
systems that possess a high degree of frustration and little or no disorder among the
spins [84].
Geometrical frustration is an important feature in magnetism, where it stems from
the topological arrangement of spins. One example is a triangular arrangement of an-
tiferromagnetically (AF) interacting spins as shown in Figure 6.12 (a), where the three
magnetic ions reside on the corners of a triangle, the energy is minimized when each
spin is aligned antiparallel to its neighbors. Once the first two spins align anti-parallel,
the third one is frustrated because of its two possible orientations, up and down, giv-
ing the same energy. The third spin cannot simultaneously minimize its interactions
with both of the other two. Thus the ground state is two-fold degenerate. Another
example is a tetragonal arrangement of antiferromagnetically interacting spins (see
Figure 6.12 (b)), where four magnetic ions reside on the corners of a tetrahedron. In
this case it is not possible to arrange the electron´s spins in a way that all interac-
tions between the spins are antiparallel. There are six nearest-neighbor interactions,
of which four are antiparallel and thus favourable, but two of which (between 1 and
2, and between 3 and 4) are unfavourable. It is impossible to have all interactions
favourable, which make the system frustrated.
The geometrically frustrated antiferromagnets display properties unlike other well
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known types of magnets because of their degenerate ground states. Examples of frus-
trated lattices are shown in Figure 6.13. The Kagome and triangular lattices are two
dimensional, their analogues in three dimensions are pyrochlore and face centered cu-
bic (FCC), respectively. The physical properties of a system are different with different
frustrated lattices as a structural unit. The investigated materials described in this
chapter have a pyrochlore lattice and geometrical frustration plays an important role
in their physical properties.
(a)
(b)
(c)
(d)
Triangle
P63/mmc
Kagome
P63/mmc
FCC
Fm3
Pyrochlore
Fd3m-
Figure 6.13: Frustrated magnetic lattices with nearest neighbor AF interactions, (a)
the triangle lattice with edge sharing triangles, (b) FCC lattice with edge
sharing tetrahedra, (c) the kagome lattice with corner sharing triangles,
and (d) the pyrochlore lattices with corner sharing tetrahedra. The asso-
ciated space groups are given with their corresponding lattice. This figure
is adopted from Ref [84].
6.4 Chromium Spinels
Chromium spinels are the most extensively investigated among spinels family of mate-
rials. They belong to the frustrated magnetic class (geometrical and bond frustrated).
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At low temperatures they show ferromagnetic and antiferromagnetic order. The inves-
tigated Cr-spinels compounds with formula ACr2X 4 have A-site non magnetic divalent
cation (Zn, Cd, or Hg) and B -site (Cr3+) magnetic trivalent cation. The Cr3+ ions are
octahedraly coordinated with various elements of group VI (i.e., O, S, and Se). The
physical properties vary widely from oxides to chalcogenides (S and Se).
The Cr3+ ion is in the 3d3 configuration, its three 3d electrons occupy t2g energy
levels exhibiting high spin state with total spin S=3/2. In this case the orbital degree
of freedom is frozen. The Cr-sublattice form a pyrochlore where spins are localized
forming as a highly frustrated system.
Frustrated magnets are very sensitive to various types of perturbations which lift
the degeneracy of the ground-state manifold. Depending on the size of the anions,
ferromagnetic (FM) and antiferromagnetic (AFM) exchange compete. If the competing
interactions are equal, they almost cancel each other and the situation is called a bond
frustration revealing Curie-Weiss temperatures close to 0 K [85]. It is this coexistence
of geometrical frustration and bond frustration which constitutes a variety of complex
ground states as a function of Cr-Cr separation. The frustration is released by a
spin-driven Jahn-Teller effect [86,87] inducing lattice anomalies and strong symmetry
breaking in the dynamic variables.
Oxides with spinel structure are geometrically frustrated, and this frustration often
causes extensive degeneracy in the ground state of the system and prevent any ordering
down to low temperatures. For example CdCr2O4 undergoes the AFM ordering only at
7.8 K [88,89]. Most of the oxide spinels are antiferromagnetic insulators with negative
Curie-Weiss temperature, dominated by strong direct Cr-Cr exchange [85].
Most chalogenide Cr-spinels are simple Heisenberg ferromagnets [90] and hence are
not expected to be geometrically frustrated. In ZnCr2Se4 the direct exchange is al-
most suppressed because of the increase of the Cr-Cr distance unlike in ACr2O4, and
spin arrangements are dominating by 90◦ ferromagnetic Cr-Se-Cr exchange and Curie
temperature of 115 K [91,92]. Below temperature TN≈21K, the spins order antiferro-
magnetically [93,94].
In HgCr2S4 the FM exchange interactions are strong and dominating. HgCr2S4
shows ferromagnetic correlation with Curie-Weis temperature of ≈142 K, and it goes
to antiferromagnetic order at 22 K [85]. This compound shows simultaneous occurance
of the colossal magnetocapacitance and colossal magnetoresistance, and short-range
ferroelectric order develops at low temperatures T < 70 K [95].
Often the magnetic transitions are accompanied by the structural distortion. In
ZnCr2Se4, at TN the spins order antiferromagnetically and the structure changes from
cubic Fd3m to tetragonal I41/amd symmetry, with a small contraction along the c axis
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of c/a = 0.9999 [96]. The size of the splitting of phonon modes at the structural transi-
tions has been attributed to spin-phonon coupling effect [93]. The recently found phe-
nomena in magnetic spinels, e.g., heavy-fermion-like liquid states, spin-singlet states,
composite spin degree of freedom, spin-orbital liquid and orbital glass states, as well
as the colossal magneto-capacitive coupling in spinel multiferroics, bear the sign of the
geometrical frustration that enhances the spin, orbital, and lattice fluctuations [90].
Since magnetic interactions depend on interatomic distances, one expect the struc-
tural anomalies at low temperatures and high pressures, which can be manifested in
the phonon behavior.
6.4.1 Phonons in Cr-Spinels
The atoms in solids are bound to their equilibrium positions by the forces that hold
the crystal together. When atoms are displaced from their equilibrium positions, they
experience restoring forces, and vibrate at characteristic frequencies. These vibrational
(1)(2)
(3)
(4)
Figure 6.14: The far-infrared reflectivity spectra of different Cr-spinels, showing four
infrared active phonons, which are labelled as 1-4 starting from higher-
frequency. The black squares represents the experimental data and red
solid lines show the fitting. The figure is adopted from Ref [85] with small
modification.
84
6.4 Chromium Spinels
frequencies are determined by the phonon modes of the crystal. The resonant frequen-
cies of the phonons occur in the infrared (IR) spectral region. The detailed selection
rules for deciding which phonon modes are IR active can be derived by using the group
theory.
From the lattice symmetry of the normal spinels, the group theory analysis predicts
four infrared active triply degenerated T1u phonon modes in the FIR spectrum [97].
Γ = 4T1u (IR− active) (6.6)
+A1g + E1g + 3T2g (Raman− active) (6.7)
+2A2u + 2Eu + T1g + 2T2u (silent) (6.8)
The four infrared-active phonon modes of various Cr-spinel compounds are shown in
Figure 6.14. The phonon modes are named as mode1-4 starting from higher-frequency
to lower-frequency. In Figure 6.14, the second phonon mode (mode 2) in all com-
pounds is more intense compared to other modes. The phonons of the various pure
K1
H1
H2
H2
F1
F2
F4 F3
K2
A
B=Cr
X
Figure 6.15: The short range force constants Ki, Fi, and Hi of the AB2X4 spinel struc-
ture. The figure is adopted from Ref [98].
and mixed spinels were studied comprehensively by Raman and infrared spectroscopy.
However, the assignment of the origin of four infrared active phonon modes had been
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Internal Coordinates Force Constants
A-X K1
Cr-X K2
Cr-Cr F1
X-A-X H1
X-Cr-X H2
X-X (1) F2
X-X (2) F3
X-X (3) F4
Table 6.1: Short range force constants illustrating the internal coordination of different
atoms in the AB2X4 spinel structure [98].
Phonon Modes (TO and LO) Force Constants
T1u(1) K2, F1, C, F3
T1u(2) K2, C, H2, K1
T1u(3) F1, F2,F3, K1
T1u(4) K1, F3, K2, F2
Table 6.2: Force constants contributing to IR active phonon modes [104].
a subject of controversy. In literature, there are two different types of interpretation
proposed for the origin of phonon modes. In Ref [99–101] two high frequency phonon
modes are assigned to the displacement of the Cr-X bond in the CrX6 octahedra and
the two low-frequency phonon modes to the tetrahedra AX4. It has been examined
experimentally [56, 102, 103] that the materials, which have an octahedral sublattice
in their structural unit, exhibit phonon modes belonging to octahedral vibrations at
higher-frequencies compared to the other lattice vibrations.
Lutz and coworkers [98, 104–108] claimed that almost all atoms contribute to the
four infrared active phonon modes and assigning few phonon modes to the tetrahedra
and other to octahedra is wrong. They employed the short range model (SRM), the
rigid-ion model (RIM) and the polarizable-ion model (PIM) for the lattice dynamical
calculation to get the detailed information on bonding, structure, and dynamics of the
spinel structure. The short range force constants of the spinel structure AB2X4 are
defined in Table 6.1 and illustrated in Figure 6.15.
The infrared active vibrational modes of zone center phonons obtained for MnCr2S4
according to the PIM calculations are illustrated in Figure 6.16. Almost all the atoms
contribute to all four vibrational modes except that the contribution of A-site atoms
to the higher-frequency phonon modes (mode1,2) with T1u(1) and T1u(2) symmetry,
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respectively is less compared to the other two phonon modes. The division of the
phonons into the vibrations of tetrahedral AX4 and the octahedral BX6 or the cube
B4X4 units of the structure is not possible [104]. However, one can say that for higher-
frequency phonons the contribution of octahedron vibrations is higher compared to
tetrahedron vibrations. The contributions of different atoms to the phonon modes are
T1u (1) T1u (2)
A
B=Cr
X
T1u (3) T1u (4)
Figure 6.16: Infrared active normal vibrational modes of zone center phonons of
MnCr2S4 obtained by PIM calculations. It is assumed that the other
Cr-spinels show similar vibrational modes. The figure is adopted from
Ref [104].
summarized in Table 6.2 in the form of short range force constants and long range
force constant’C ’. From the short range force constants it is clear that the potential
of the spinel structure is mainly controlled by Cr-X (K2 octahedron) and A-X (K1
tetrahedron) stretching as well as by X-X (F2-F4) and Cr-Cr (F1) repulsive forces
where the bending forces (H1, H2) can be neglected. TheX-X forces are important
for all modes except T1u(2), and Cr-Cr interactions are predominant for T1u(3) and
T1u(1). It is assumed that the vibrational modes of other Cr-spinels should be similar.
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6.4.2 Crystal-field excitations in Cr-Spinels
The Cr3+ ion in octahedral environment exhibits three spin allowed crystal-field transi-
tions, namely the intra-atomicd-d -transitions. These spin-allowed transitions are from
the ground state 4A2g to the 4T2g(4F), 4T1g(4F) and 4T1g(4P)(see Figure 6.9). The
transition from the ground state to 4T2g(4F) is located at 10 Dq = ∆oct, where Dq is
the coulombic parameter of the ligand field [79]. The value of ∆oct depends on the
following factors;
(i) The nature of the transition-metal ion.
(ii) The metal’s oxidation state. A higher oxidation state leads to a larger splitting.
(iii) The arrangement of the ligands around the metal ion.
(iv) The nature of the ligands surrounding the metal ion. The stronger the effect of
the ligands, the greater the value of ∆oct will be.
Usually, the CF excitations are parity-forbidden, because of inversion symmetry at
transition-metal ion site. These transitions become allowed by virtue of lattice vi-
brations which locally break the center of symmetry. The matrix element for a d-d -
transition induced by a photon is [109],
〈ψfinal |p|ψinitial〉 , (6.9)
where p is the dipole operator with odd parity and the parity of a 3d electron wave
function is even. In case of inversion symmetry (see Figure 6.17 (a)), the above matrix
element vanishes.
〈even |odd| even〉 = 0. (6.10)
The symmetry breaks at transition-metal site due to an odd-symmetry phonon which is
excited simultaneously with the orbital excitation, this will give a small amount of odd
character to the 3d wave function (see Figure 6.17 (b)) [109]. Because of mixed states
(odd and even) the d-d excitation are observed in the spectrum. The spin selection
rule is (∆S=0), the transition between states with identical spin quantum number
are allowed, i.e, the transitions from spin states singlet−→singlet, doublet−→doublet
and triplet−→triplet, etc are allowed. The transition from different spin states will be
forbidden
The observed CF excitations for investigated Cr-spinel compounds are shown in
Figure 6.18. In reflectivity measurements of free-standing sample of ZnCr2Se4 and
HgCr2S4, the E1 band was observed at around 15000-15500 cm−1. The small peak at
around 13000 cm−1 marked with arrow in optical conductivity spectrum of HgCr2S4
is probably spin-forbidden transition. The center of gravity of these excitations are
marked with arrow in real part of optical conductivity spectra, obtained from fitting. In
case of CdCr2O4 the CF excitations were weak in reflectivity spectrum and were more
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(a)
(b)
Figure 6.17: (a) The 3dz2r2 orbital of a transition-metal ion is in between two negatively
charged ligands. (b) The inversion symmetry on the transition-metal site
breaks by exciting a bond-stretching phonon. The sketch indicates an in-
creased electron density on the right side, where the distance to the nega-
tively charged ligand has increased. The figure is adopted from Ref [109].
clear in absorption measurements. The absorbance spectrum of CdCr2O4 at lowest
measured pressure 1.0 GPa is shown in Figure 6.18 b. The CF excitation (10Dq) is at
16760 cm−1. The weak excitations marked with arrow are spin forbidden transitions,
which become allowed due to spin orbit coupling [110].
6.5 Investigated Cr-spinel compounds
The single crystals of Cr-spinels: ZnCr2Se4 and HgCr2S4 were grown by chemical trans-
port reactions [85,100], and CdCr2O4 were grown by a flux method. These materials
have been investigated by infrared spectroscopy under pressure in the frequency range
200-24000 cm−1. Far-infrared (FIR) reflectivity measurements were carried out at
beamline IR1 of ANKA synchrotron source Karlsruhe. The CsI was used as a pressure
transmitting medium in all infrared measurements.
Analysis Procedure
For analysis of the reflectivity data, the region around 2000 cm−1 is cut out from the
data, since the diamond multiphonon absorption causes artifacts in this range. The
data in this frequency range was linearly interpolated. For fitting the infrared data,
the Lorentz model (given in Chapter 2) was used. The pressure-dependence of the
high-frequency permittivity ǫ∞ used for fitting the reflectivity data, was calculated
according to the Clausius Mossotti relation [63]. The unit cell volume as a function of
pressure was calculated from the first-order Birch equation of state [64,65], explained
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Figure 6.18: Crystal-field excitations of Cr3+ ion in octahedral environment (a) for
ZnCr2Se4 and for HgCr2S4. In lower panel of (a), the arrow at low-
frequency side for ZnCr2Se4 shows the first CF excitation E1 (10Dq).
In case of HgCr2S4, the arrow at high-frequency side is E1, while the
low-frequency side arrow indicates the spin-forbidden transition. (b) The
absorbance spectrum of CdCr2O4 at 1.0 GPa showing E1 band and three
spin forbidden transition at low-frequency side, marked with arrows.
in Chapter 5. The pressure-dependence of ǫ∞ and unit cell volume are illustrated in
Figure 6.19. The value of the bulk modulus was assumed to be B0=100 GPa and
B0=200 GPa for chalcogenides (ZnCr2Se4 and HgCr2S4) and for oxides (CdCr2O4),
respectively, based on XRD study [111]. The value of ǫ∞ is also frequency dependent.
For ZnCr2Se4 and HgCr2S4 the value of ǫ∞=2 was determined up to 100000 cm−1
(using extrapolation), and ǫ∞= 8 up to 700 cm−1. In case of CdCr2O4 ǫ∞=3 was
obtained up to 100000 cm−1 and ǫ∞=6 up to 1000 cm−1.
6.5.1 Results and analysis of ZnCr2Se4
The reflectivity (Rs−d) spectra of ZnCr2Se4 along with the fit, for few selected pressures
in the frequency range 250-24000 cm−1 are shown in Figure 6.20. The overall reflectiv-
ity of the sample in the diamond anvil cell is lower as compared to the free-standing
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Figure 6.19: Pressure-dependence of the unit cell volume and ǫ∞ of ZnCr2Se4 and
HgCr2S4 (a-b), and for CdCr2O4 (c-d) . The unit cell volume was calcu-
lated according to the first order Birch equation of state (Eq. (5.2)) and the
high-frequency permittivity ǫ∞ was calculated according to the Clausius-
Mossotti relation (Eq. (5.1)).
sample [93] due to the smaller refractive index step at the sample-diamond interface.
The measured reflectivity spectra in the FIR frequency-range for few selected pressures
are shown in Figure 6.21. The spectra are offset along the vertical axis for clarity. The
pressure-dependent reflectivity spectra in the spectral range 2500-24000 cm−1 up to
19 GPa are shown as an inset of Figure 6.20, which clearly shows the increase of reflec-
tivity with increasing pressure. The fits obtained from the Lorentz model were used
for extrapolation at the lower and higher frequencies of experimental data, which is
necessary for the KK analysis to calculate the real part of optical conductivity. The
KK relation used for the reflectivity Rs−d phase is already described in Chapter 2 and
it is recalled here:
φ(ω0) = −ω0
π
P
∫ + inf
0
lnRs−d(ω)
ω2 − ω20
dω +
[
π − 2 arctan ωβ
ω0
]
(6.11)
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Figure 6.20: Room-temperature Rs−d spectra of ZnCr2Se4 for few selected pressures.
The red dashed lines are fits with the Lorentz model. In a lower pres-
sure range, the small feature at around 400 cm−1, marked with arrow is
an artifact and excluded in fitting procedure. Inset: Pressure-dependent
reflectivity spectra in the spectral range 2500-24000 cm−1.
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Figure 6.21: Room-temperature reflectivity Rs−d spectra of ZnCr2Se4 in FIR frequency
region, showing two phonon modes. The spectra are offset along the ver-
tical axis for clarity.
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where ωβ is the position of the reflectivity pole on the imaginary axis in the complex
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Figure 6.22: (a) The measured reflectivity Rs−d of ZnCr2Se4 along with the Lorentz
fits. (b) The corresponding optical conductivity σ1(ω) spectra obtained
from the fit (green colour dashed lines) compared with those obtained by
the KK analysis.
frequency plane. The criterium for the proper value of ωβ is the agreement between
the optical conductivity obtained by the KK analysis and that from the initial fit.
The output of the KK analysis is achieved for the parameter ωβ=9000-4200 cm−1 in
the pressure range 1.0-19.0 GPa, respectively. A comparison of these two spectra, for
two selected pressure (1.0 and 8.0 GPa) is given in Figure 6.22, which shows a good
agreement between the spectra. This agreement holds for the optical conductivity
spectra obtained in the whole range of applied pressures.
To extract the phonon parameters, the optical conductivity data in the FIR fre-
quency region was fitted with the Lorentz model. The results are shown in Figure 6.23.
The phonon modes harden with increasing pressure. There is no significant change
in damping and oscillator strength of both phonon modes up to P ≈ 10 GPa, above
10 GPa, the high-frequency phonon mode (mode 1) is no longer visible (see Figure 6.21
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Figure 6.23: (a)Illustration of the Lorentz fits of the real part (σ1) of the optical conduc-
tivity of ZnCr2Se4 for three selected pressures 2.0, 4.6, and 10.4 GPa in
the FIR refquency range. (b) The oscillator parameters obtained from the
fit of the optical phonons are: frequency, damping, and oscillator strength.
The red color solid lines show the fits of the phonon frequencies according
to Equation 6.12. the dashed vertical line indicate the transition pressure.
and Figure 6.23 (b)). By further increasing the pressure, the remaining low-frequency
phonon (mode 2) starts to lose its strength and becomes damped. At 14 GPa no
phonon resonance can be clearly resolved. To determine the pressure coefficient for
two observed phonons, the frequency of phonon as a function of pressure was fitted
with the following equation:
ω(P ) = ωo + A× P, (6.12)
where P is the applied pressure, ωo is the phonon frequency at zero pressure and A is
the pressure coefficient. For the high-frequency phonon mode (mode 1), the value of
A is 3.68±0.1 cm−1/GPa, which is somewhat higher than the value of A=3.28±0.07
for low-frequency phonon mode (mode 2), which indicates that the bondings belong
mode 2 are stronger than that of mode 1.
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Figure 6.24: The change in reflectivity (Rs−d) level of measured spectra of ZnCr2Se4 at
5000 cm−1 and 7500 cm−1 with the increase of pressure. The blue solid
lines are guide to eye to see the transition pressure region, and blue colour
vertical bar indicates that pressure region.
There is anomalous change in the phonon parameters at around 10 GPa indicating
a pressure-induced phase transition (see Figure 6.23 (b)). The transition pressure (Pc)
(see Figure 6.24) is also confirmed by plotting the change in the reflectivity spectra
as a function of pressure at two different energies at 5000 cm−1 and 7500 cm−1, since,
the reflectivity in this frequency range characterizes electronic response of the system.
The reflectivity versus pressure curve shows that there is a continuous increase in
Rs−d with increasing pressure up to 10 GPa. By further increasing pressure there is
drastic increase in Rs−d indicating that the new structural phase is more susceptible
to external pressure.
The Cr3+ ion in octahedral environment exhibit three crystal-field transitions namely
the intra-atomic d-d -transitions. These transitions occur in a specific energy range.
The transition from ground state to 4T2g is located at 10 Dq(∆oct), where Dq is the
coulombic parameter of the ligand field. The d-d transition at 10Dq is named as
E1. To discuss the high energy excitations, the reflectivity spectra were converted
into a real part of the optical conductivity. In the conductivity spectra, at 1.0 GPa,
the E1 absorption band at 15000 cm−1 reaching a maximum of 830 Ω−1cm−1 (see
Figure 6.25, becomes broader and gradually shifts toward the low-frequency region by
increasing pressure. Rudolf et al. [93] observed the two CF excitations (intra-atomic
d-d transitions) in reflectivity measurements of ZnCr2Se4 at 18000 cm−1 and 22000
cm−1, which show red shift by lowering the temperature. The behavior of E1 band
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Figure 6.25: Real part of the optical conductivity of ZnCr2Se4 for few selected pressures
obtained from Kramers Kronig relation. The dotted arrow indicates the
shift of spectral weight with increasing pressure.
under pressure is in agreement with its temperature-dependent behavior.
6.5.2 Results and analysis of HgCr2S4
In Figure 6.26, the measured reflectivity spectra of HgCr2S4 for few selected pressures
in the frequency range 250-24000 cm−1 are presented. The reflectivity level grows with
increasing pressure in mid infrared frequency range. To see the pressure effect on the
phonon modes the reflectivity spectra in the frequency range 250-500 cm−1 are plotted
in Figure 6.27. The spectra are offset along vertical axis for clarity sake.
The phonon parameters are extracted by fitting the reflectivity data in the FIR
frequency region with the Lorentz model. Since, the value of ǫ∞ is frequency dependent.
The reflectivity data up to 700 cm−1 at ambient condition was fitted and the ǫ∞=8
was obtained, which is similar to the values found for ZnCr2Se4 up to 5000 cm−1 [93].
The pressure dependence of ǫ∞ and the unit cell volume as a function of pressure are
illustrated in Figure 6.19 (b).
The results of the fitting of the phonon modes are shown in Figure 6.28. The
two observed phonon modes harden with increasing pressure up to 12 GPa. Above
12 GPa the mode 1 is not visible any more, and the mode 2 softens with increasing
pressure. There is no significant change in oscillator strengths of mode 1 but it starts
to become damped at around 8 GPa, and furthere pressure application increases the
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Figure 6.26: Room-temperature Rs−d spectra of HgCr2S4 for few selected pressures. The
red dashed lines show fits with the Lorentz model.
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Figure 6.27: Room-temperature Rs−d spectra of HgCr2S4 in the FIR frequency region
showing two observed phonon modes. The spectra are offset along the
vertical axis for clarity.
damping, that it disappear above 12 GPa (see Figure 6.28). The mode 2 behaves
differently under pressure, there is a continuous increase in oscillator strength, and
abrupt enhancement in damping above 11 GPa is observed. One sees anomalous
changes in phonon parameters at around 12 GPa (see Figure 6.28 (b)).
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Figure 6.28: (a)Illustration of the Lorentz fits of the Rs−d of HgCr2S4 for three selected
pressures 1.0, 8.9, and 13.2 GPa in FIR frequency range. (b) The oscilla-
tor parameters obtained from the fit of the optical phonons are: frequency,
damping, and oscillator strength. The red color solid lines show the fits
according to Equation 6.12. the vertical dotted line indicates the transition
pressure.
The transition pressure (Pc) is also confirmed by plotting the change in the reflectiv-
ity level of measured spectra as a function of pressure at two different energies (5000
cm−1 and 7500 cm−1), where the system show electronic response (see Figure 6.29).
The significant change in the reflectivity versus pressure curve at around 12 GPa is
observed. The anomalous increase of the infrared reflectivity and the anomaly in the
phonon parameters at around 12 GPa are interpreted as a structural phase transition
from cubic to tetragonal symmetry, which is discussed in later section
The frequencies of phonon modes as a function of pressure were fitted according
to Equation 6.12 to determine the pressure coefficient (A) for two observed phonons.
The value of A=5.25±0.08 cm−1/GPa for mode 1 is comparatively higher than that of
mode 2 , which is A=3.80±0.06 cm−1/GPa. The value of A tells about the strength of
the bonding of respective mode, higher the value of A, stiffer the bonding belonging to
that mode is. In this compound mode 2 is less compressible because the bonds belong
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Figure 6.29: The change in reflectivity Rs−d of HgCr2S4 with the increase of pressure
at 5000 cm−1 and 7500 cm−1 shown with solid triangles and open circles,
respectively. The green colour solid lines are guide to eye to follow the Pc.
1000 10000
0
400
800
1200
0.1 1.2
 
 
 1.0 GPa
 6.8 GPa
 9.9 GPa
 10.8 GPa
 11.9 GPa
 12.9 GPa
 14.3 GPa
 15.2 GPa
 
 
Frequency (cm-1)
O
pt
ic
a
l c
o
n
du
ct
iv
ity
 #
1
(Ω
-
1 
cm
-
1 )
Energy (eV)
E1
Figure 6.30: Real part of the optical conductivity of HgCr2S4 for few selected pressures,
obtained from fit curves of room temperature Rs−d data.
to it are rigid compared to the bonds of mode 1.
The red shift of the phonon frequencies of HgCr2S4 was observed with lowering the
temperature [85] and assigned to ferromagnetic interactions which are dominating in
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Figure 6.31: (a)Room-temperature Rs−d spectra of CdCr2O4 for few selected pressures
(1.0, 6.6, 10.5, 14.0 GPa). The red dashed lines are fits with the Lorentz
model. (b)Magnification of (a) in the spectral range 10000-24000 cm−1.
this compound. In our data the softening of the mode 2 above 12 GPa is assigned to
the FM behavior of the bonds, which are actively involved in that specific IR active
mode.
The real part of the optical conductivity calculated from the fit is shown in Fig-
ure 6.30. At higher frequency the electronic transition are observed in optical conduc-
tivity spectra. The absorption band E1 observed at lowest measured pressure (1.0 GPa)
with center of gravity at 15800 cm−1, interpreted as an intra-atomic d-d transitions
becomes broader and gradually shifts towards the low-frequency region with increasing
pressure.
6.5.3 Results and analysis of CdCr2O4
Reflectivity measurements
The measured reflectivity (Rs−d) spectra of CdCr2O4 for few selected pressures in the
frequency range 250-24000 cm−1 are shown in Figure 6.31 (a). The magnifying part of
the reflectivity spectra in the spectral range 10000-24000 cm−1 show the electronic ex-
citations (see Figure 6.31 (b)). These excitations are more pronounced in transmission
spectra presented in later sections.
The measured reflectivity spectra Rs−d in the FIR frequency-range are shown in
Figure 6.32. To get the information about pressure-dependence of phonon modes, the
reflectivity spectra were fitted with Lorentz model. The illustration of the fits for
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Figure 6.32: Room-temperature reflectivity Rs−d spectra of CdCr2O4 in FIR frequency
region, showing two observed phonon modes. The spectra are offset along
the vertical axis for clarity.
three selected pressures, and obtained results from the fitting of optical phonon modes
are presented in Figure 6.33 (a) and (b), respectively. The phonon modes harden
with increasing pressure and there is no notable change in oscillator strengths of both
mode 1 and mode 2 up to highest measured pressure (P ≈ 14 GPa) (see Figure 6.33).
The mode 1 becomes damped upon pressure application, but mode 2 stays intense up
to P ≈ 14 GPa.
The linear pressure coefficient (A) for two phonon modes was calculated by fitting the
frequencies of the phonons according to Equation 6.12. Formode 1, A=5.41±0.25 cm−1/GPa
and for mode 2, A=3.75±0.17 cm−1/GPa. The small value of A for mode 2 indicates
that the bonding of mode 2 is stiffer compared to mode 1, therefore it is less compress-
ible.
The pressure-dependent optical conductivity spectra obtained by KK analysis show
no significant change in all frequency and pressure ranges, as shown in Figure 6.34. For
all studied pressures the best correspondence between the optical conductivity spectra
obtained by fitting and the output of the KK analysis is achieved for the parameter
ωβ=2800 cm−1.
To clearly see the effect of pressure on the high frequency excitation transmission
measurements were carried out on a single crystal of CdCr2O4.
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Figure 6.33: (a) Illustration of the Lorentz fits of Rs−d of CdCr2O4 for three selected
pressures 1.0, 6.6, and 12 GPa in FIR frequency range. (b) The phonon
parameters obtained from the fit of the optical phonons are: frequency,
damping, and oscillator strength. The red color solid lines show the fits
according to equation (6.12)
Transmission measurements
The pressure-dependent transmission measurements were performed on single crystals
of CdCr2O4 up to 20.2 GPa in the frequency range 8000-25000 cm−1. The transmit-
tance and absorbance spectra for few selected pressures in the measured frequency
range are shown in Figure 6.35. In order to determine the energy of optical transi-
tions as a function of pressure, the fit of the absorbance spectra was done by using
the Lorentz model. For absorbance spectrum at 1.1 GPa, the four absorption features
contribute to it. The strong absorption band at ≈16760 cm−1 is first spin allowed CF
excitation (E1) (see Figure 6.36 (a)), at low-frequency side three weak absorption fea-
tures marked with arrows are spin forbidden transitions and their frequency positions
are 14784 cm−1, 14271 cm−1, and 14036 cm−1 at 1.1 GPa.
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Figure 6.34: Real part of the optical conductivity of CdCr2O4 for selected pressures.
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Figure 6.35: (a) Transmittance and (b) absorbance spectra of CdCr2O4 for few selected
pressures.
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Figure 6.36: (a) Absorbance spectrum of CdCr2O4 at 1.1 GPa shows four features: one
strong feature at ≈ 16760 cm−1, and three week features marked with black
arrows, which are spin forbidden transitions. At higher pressures (11.3,
16.3 and 18.3 GPa) the low-energy absorption features marked with black
arrows are not distinguishable any more. (b) The magnification of the
low-energy part of the spectra in (a), to clearly show the spin forbidden
transitions.
The onset of second spin allowed CF excitation (E2) is seen, but its position can not
be marked easily because spectra are noisy in this frequency range (see Figure 6.35).
With increasing pressure E1 band shows a blue shift, and the spin-forbidden tran-
sitions do not show significant shift in frequency position with increasing pressure up
to ≈ 15 GPa, as shown in Figure 6.37 (b). Above 8 GPa, the spin forbidden tran-
sitions marked with arrow at 1.1 GPa are not distinguishable any more, and spectra
could be fitted with only two Lorentzians (see Figure 6.37). These two spin-forbidden
transitions are not clearly resolved at higest pressures (see Figure 6.36 (b)). The error
in frequency positions is more at higher pressures as compared to the lower pressures.
Above 15 GPa the pronounced blue shift of the higest-frequency spin-forbidden tran-
sition is observed, as shown in Figure 6.37 (b).
Qualitatively, the absorbance spectra can be compared with optical conductivity
spectra of the system. The spectral weight of electronic excitations were calculated
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Figure 6.37: (a) Fit of the two absorption spectra of CdCr2O4 at 1.1 GPa and 17.3 GPa
consisting of four and three absorption features, respectively. (b) Frequen-
cies of the absorption features as a function of pressure.
according to the Equation 6.13.
SW (ω) =
∫ ωc
0
σ1(ω)dω, (6.13)
The spectral weight of E1 increases with increasing pressure. The three spin-forbidden
transitions contribute very little to the total spectral weight, but over all the spectral
weight of these features enhances with pressure upto ≈16 GPa, as shown in Fig-
ure 6.38 (a). Above 16 GPa the spectral weight of low-frequency spin-forbidden
transition decreases by increasing pressure.
The Pc was calculated by plotting the absorbance intensity of E1 with respect to
pressure as shown in Figure 6.39. The intensity of E1 increases linearly with increasing
pressure upto 15 GPa, above it, there is an abrupt enhancement in the intensity with
further increase of pressure. The anomalies in the frequency position of the observed
excitations and also their spectral weight indicate the transition pressure region above
15 GPa.
Another absorption measurement on single crystal of CdCr2O4 was made at ambi-
ent conditions in higher-frequency range, as one of the test measurement of Vis-UV
microspectrometer, which is described in Chapter 3.
The absorption spectrum along with measured spectrum at 1.0 GPa by using commer-
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Figure 6.38: Spectral weight of the absorption features of CdCr2O4 as a function of
pressure,(a) spin forbidden transition and (b) the spin allowed transition
E1. The values given in the ligand are for 1.1 GPa.
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Figure 6.39: The change in intensity of E1 in absorbance spectra of CdCr2O4 with
increasing pressure. The black solid lines are guide to eye to see the
transition pressure region.
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cial Bruker FTIR spectrometer is shown in Figure 6.40, there is consistency within the
overlap frequency range. The pressure-dependent absorption measurement at higher
frequency was not accomplished due to time constraint. The observed electronic ex-
citations (d-d transition) are marked with numbers. These observed excitations are
interpreted by using the Tanabe-Sugano diagram. The Cr3+ with 3d3 configuration has
three spin allowed CF excitations and these excitations are stronger compared to spin
forbidden transition. The small peaks within the frequency region 13785-15320 cm−1
marked by (1) are spin-forbidden transitions from ground state 4A2g to 2Eg(2G) and
2T1g(2G). The peaks at ≈ 17760 cm−1 and at ≈ 22800 cm−1 marked by number (2)
and (3) are the two spin-allowed transition from ground state 4A2g to 4T2g(4F) and
4T1g(4F), respectively. The absorption peaks marked by (4) and (5) at ≈ 29850 cm−1
and ≈ 34714 cm−1 are spin-forbidden transitions from ground state to 2T1g(2G) and
2T1g(2H), respectively. The third spin-allowed CF excitation at ≈ 39130 cm−1 marked
by (6) is from ground state to 4T1g(4P).
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Figure 6.40: Comparison of absorption spectrum measured in Vis-UV microspectrom-
eter (this data is already shown in Chapter 3 as a test measurement of
setup) with the room temperature measured spectrum at 1.0 GPa in Bruker
FTIR spectrometer. The numbers show the observed crystal field excita-
tions, their interpretation is given in text.
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6.6 Discussion
6.6.1 Low-energy excitation (phonons)
In order to compare the investigated Cr-spinel compounds, the two important facts
are inferred from the phonon behaviour under pressure.
(i) The strength of the phonon modes, which reveals the ionic or covalent character of
the particular compound.
(ii) The anomalies in the phonon parameters, which can attribute to the change in the
symmetry of the crystal structure.
In order to find the compressibility factor of the compounds, the pressure coefficient
A (cm−1/GPa) of phonon modes for each compound are listed in Table 6.3. In all
Compounds High-frequency phonon/mode 1 Low-frequency phonon/mode 2
CdCr2O4 5.41±0.25 3.75±0.17
HgCr2S4 5.25±0.08 3.80±0.06
ZnCr2Se4 3.68±0.1 3.28±0.07
Table 6.3: Pressure coefficient A (cm−1/GPa) of the phonon frequency as a function
of pressure for three Cr-spinel compounds.
investigated Cr-spinel compounds, the value of A for mode 2 is smaller compared to
mode 1, which attributes to the fact that the respective bonding of mode 2 is stiffer
compared to mode 1. Moreover the A values for the phonon modes of CdCr2O4 and
HgCr2S4 are similar but larger than that ZnCr2Se4.
If i compare the compressibility of the three investigated Cr-spinel compounds the
ZnCr2Se4 is more compressible compared to HgCr2S4 and CdCr2O4. In Ref [112]
the compressibility difference between the CdCr2Se4 and oxide spinels is explained
in terms of the size of the anions. Since most of the unit cell volume is occupied
with anions, therefore the number of X-X bonds will be more compared to the other
bonds i.e., X-X > Cr-X > A-X. In a periodic table from oxygen (O) to selenium (Se),
the electronegativity of the elements decreases while the size of ion increases. The
selenium (Se2−) ion is bigger as compared to sulpher (S2−) and the oxygen (O2−) and
bigger size of the ion corresponds to the longer bond length. On the application of
external pressure the longer bond length will be affected more compared to the shorter
bond length. The higher compressibility corresponds to the more metallic character
of the chemical bond and lower ionicity of the anions [111]. ZnCr2Se4 shows metallic
character, while CdCr2O4 shows insulating behavior because covalency increases from
oxide to the selenide. In this way the overall compressibility is determined mainly by
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the anion sublattice.
The character of the bond can also be obtained from the intensities of phonon modes.
Higher intensity shows less covalent character of the bond. The mode intensities
decreases moving from the oxide over the sulfide to the selenides, which gives the
signal of an increasing covalency of the bonds [85].
Comparing the phonon anomalies of the investigated Cr-spinel compounds, ZnCr2Se4
shows the anomaly at around 10 GPa, which is interpreted in terms of structural phase
transitions from cubic to tetragonal symmetry. This interpretation is supported by
X-ray powder diffraction study [112], where a pressure-induced structural phase trans-
formation from cubic (Fd3m) to tetragonal (I4 )was reported for CdCr2Se4 at around
10 GPa. The phonon parameters of HgCr2S4 show an anomaly at around 13 GPa.
The tentative assignment for it, is also structural phase transformation from cubic to
tetragonal phase. In general, the solids containing ions with larger ionic radius have
lower transition pressures. The oxide spinels are comparatively harder than sulphide
and selenide spinels, therefore the structural phase transition in oxide spinels would
occur at higher pressure. The Raman study of ZnCr2O4 under pressure reveals a slug-
gish structural phase transition which starts at 17.5 GPa and completes at around 35
GPa [113]. The infrared results of the CdCr2O4 show no anomaly up to the highest
measured pressure (14.0 GPa), is in agreement with Raman Studies.
6.6.2 High-energy (CF) excitations
The energy values of the first spin allowed d-d transition (E1) for ZnCr2Se4, HgCr2S4
and CdCr2O4 are summarized in Table 6.4. The large value of∆oct for CdCr2O4 reveals
that the d -orbitals of Cr3+ splits with a large energy difference, compared to sulphide
and selenide compounds. The energy of E1 for CdCr2S4 [114] and for ZnCr2S4 [115]
is reported as 14195 cm−1, which suggests that the energies are independent of A-
site ions, but the present results of HgCr2S4 show the center of gravity of E1 at
15500 cm−1 at lowest measured pressure (see Figure 6.30), which is cotradicting the
above statement. In Ref [116] the center of gravity of crystal-field excitations for
many chromium complexes are given, where Cr3+ is in octahedral environment e.g.
Cr(S,Se)6. The energies of two spin-allowed transitions from ground state 4A2g to the
excited levels 4T2g and 4T1g vary from ≈ 13000-17000 cm−1 and ≈17000-22000 cm−1,
respectively. The spin-forbidden transitions 4A2g to 2Eg, and 2T2g, vary from 13000-
14400 cm−1 and 18000-19200 cm−1. The spin-forbidden transitions are narrower than
spin-allowed transitions, and become allowed due to spin-orbit coupling [110,117].
These high-frequency excitations E1 and E2 shift strongly with temperature and
pressure. Previously there was a controversial discussion about the onset of two peak
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Compounds ∆oct=10Dq
CdCr2O4 16760 cm
−1
HgCr2S4 15800 cm
−1
ZnCr2Se4 15000 cm
−1
Table 6.4: The energies of the E1 transition from the ground state to 4T2g, located at
10 Dq=∆oct for three investigated Cr-spinel compounds at 1.0 GPa.
structure, the strong shift of absorption edge with temperature and magnetic field
was assigned to interband transition [118–122]. Later on there have been suggestions
that these absorption edges are not due to interband transitions but correspond to
intraband d-d excitations [123–125].
For ZnCr2O4 the main absorption features at frequencies of 17450 cm−1 and at
23000 cm−1 are interpreted as two spin allowed CF excitations [126] and narrow fea-
tures near to the two spin-allowed transition and interpreted as transitions inside the
t32g band. In present infrared data of CdCr2O4, the CF excitations are weak in the
reflectivity measurement but clearly visible in the absorption spectra. In chalcogenide
spinels (ZnCr2Se4, HgCr2S4) the CF excitations are strong in the reflectivity measure-
ment compared to oxide spinels (CdCr2O4). The strength of the CF excitations is
attributed to strong hybridization effects in chalcogenide spinels between the chalco-
genide p and the chromium dstates [127].
The behavior of E1 under pressure is different for CdCr2O4 and chalcogenides spinels
(HgCr2S4 and for ZnCr2Se4). In case of CdCr2O4, there is blue shift in frequency
position of E1 with application of pressure, which reveals the enhancement of the
crystal-field splitting with increasing pressure. This is consistent with the behavior of
crystal-field excitations under pressure of other transition-metal oxides with transition-
metal ion in octahedral environment [128]. In case of HgCr2S4 and ZnCr2Se4, there is
E1 shows a red shift upon pressure application, which indicates that the crystal-field
splitting reduces under pressure.
6.7 Physical properties of AV2O4
AV2O4 forms a cubic spinel structure, where the V sites form a pyrochlore lattice with
geometrically frustrated antiferromagnetic interactions between the V sites. Vanadium
V3+, with electronic configuration 3d2 has total spin S=1. The two spins occupy
the triply degenerate t2g orbitals and the orbital degree of freedom is unfrozen in
the system, which makes the system more complex. All vanadium spinel compounds
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Figure 6.41: Magnetic Phase diagram of AV2O4 spinels as a function of inverse V-V
separation (1/RV−V ). The dotted line is guide to the eye. The vertical
green arrow represents the critical distance for itinerant-electron behavior.
The abbreviation PMI, AFI and PMM stands for paramagnetic insulator,
antiferromagnetic insulator and paramagnetic metal, respectively. The
figure is adopted from Ref [129].
with A-site magnetic divalent ion like Cd2+, Zn2+, or Mg2+ show qualitatively similar
structural and magnetic behavior with a structural transition at a higher temperature
and an antiferromagnetic (AFM) transition at a slightly lower temperature [130,131].
In ZnV2O4 and MgV2O4, there is a structural phase transition from cubic (Fd3m) to
tetragonal (I41/amd) with c/a=0.9948 at 51 K and 65 K, respectively. At TN=40 K,
and 45 K, the tetragonal phase shows the paramagnetic to antiferromagnetic transition
for ZnV2O4 and MgV2O4, respectively by lifting of the geometrical frustration [130–
133].
The magnetic phase diagram of AV2O4 (A=Cd, Mn, Zn, Mg), where the evalua-
tion of TN with inverse V-V separation (1/RV−V ) is plotted, shown in Figure 6.41.
The region I represents the localized-electron systems, i.e. A=Cd and Mn, while the
systems (A=Zn, Mg) are located in the intermediate regime II between localized and
itinerant electron phase. The value of TN will increase as the V-V distance decreases
due to chemical pressure when going from Cd to Mn. There is an anomalous variation
in TN as it reaches the intermediate regime II, which is interpreted in terms of U/t
ratio, where U is the on-site coulomb repulsion considered to be pressure independent
and t is the band width (hopping integral) which is a pressure dependent parame-
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ter. First the ratio of U/t reduces as the V-V separation decreases and then collapses
near the itinerant limit because of the electron delocalization along V-V bonds [129],
which manifest that U is no longer pressure independent in the intermediate regime
(for ZnV2O4 and MgV2O4). The orbital order in AV2O4 is a subject of controversy
$
%
&
Figure 6.42: Schematic representation of the dimerized structure resulting from ab-
initio calculations for ZnV2O4. Bold line represents short bonds and thin
lines show long bonds in-chain. The magnetic structure is indicated by
arrows. The figure is adopted from Ref [134].
because of competing spin, orbital, and lattice degrees of freedom. which makes the
nature of the system complicated. In literature few groups [135–137] claim orbital
ordering in vanadium spinels. They proposed that the high temperature structural
transition (≈50 K for ZnV2O4) is due to orbital ordering assisted by the Jahn-Teller
distortion. Consecutively there is a magnetic transition (AFM at ≈40K for ZnV2O4),
which is due to lifting of geometrical spin frustration because of orbital ordering. In
this scenario in all V-sites the dxy orbital is occupied with an electron and the other
electron occupies dxz and dyz orbitals alternatively along the c-direction. This uniform
occupation of dxy orbitals leads to an enhancement of the anti-ferro (AF) spin correla-
tion along one dimensional chain lying in the xy-planes, thus the magnetic frustration
is partially lifted. In case of no orbital ordering the system remains strongly frus-
trated, e.g., chromium spinels, where the Cr3+ ion has the 3d3 electron configuration
with total spin of 3/2 and no orbital degrees of freedom. These compounds show only
one transition at very low temperature (between 10-20K). Pardo et al, [134] claims
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that there is no orbital ordering in the AV2O4 compounds, only the higher occupancy
of dxy orbital is observed. The V-V dimerization along [011] and [101] direction (see
Figure 6.42) due to small values of U lead to the lattice distortion. With pressure
the U/t ratio decreases and the partial electronic delocalization in the systems occurs
in the itinerant-electron limit. The magnetic transition below 50 K for ZnV2O4 and
MgV2O4 is due to V-V bond in the dimer.
6.8 Investigated AV2O4 compounds
The pressure-dependent transmittance and absorbance of ZnV2O4 and MgV2O4 was
studied in the frequency range (550-7000 cm−1) up to ≈20.5 GPa.
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Figure 6.43: Pressure-dependence of the transmittance and the absorbance spectra of
ZnV2O4 for selected pressures.
Figure 6.43 and 6.44 shows the transmittance and the absorbance spectra of ZnV2O4
and MgV2O4, respectively in the mid-infrared frequency range. There are two main
contributions to the mid-infrared spectra, at lower-frequency side there is one of the
four phonon modes expected for cubic spinel compounds and the optical charge gap
manifested by the rapid increase in the absorbance intensity at higher-frequency side.
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The diamond multiphonon absorption in the frequency range 1700-4200 cm−1 causes
artifacts, and in some frequency region it can not be ruled out completely from the
spectra measured with DAC, and therefore they are cut out from the data.
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Figure 6.44: Pressure-dependence of the transmittance and the absorbance spectra of
MgV2O4 for selected pressures.
The phonon modes in the cubic spinel compounds are already discussed in the
previous section (see Section 6.4.1) of this chapter. For ZnV2O4, the measurements
were extended to far-infrared frequency range up to 14.2 GPa. The absorbance spectra
at 1.0 GPa and 14.2 GPa are shown in Figure 6.45. The lowest-frequency phonon mode
(mode 4) is beyond of our experimental limit, only the onset of this mode is observed
in measured spectra. The phonon modes are quite broad even at the lowest measured
pressure (1.0 GPa) as compared to the single crystal data [138]. The broadening of the
modes increases significantly with increasing pressure (see Figure 6.45), which makes
the quantitative analysis of the data more difficult. The broadening of the phonon
modes is attributed to the polycristallinity of the sample.
In Figure 6.46 the absorbance spectra are divided into two different pressure regions,
low pressure range and high pressure range. Initially, with the application of pressure
the absorbance level increases up to a certain pressure Pc for both compounds (ZnV2O4
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Figure 6.45: Far-infrared absorbance spectra of ZnV2O4 for two selected pressures. The
phonon frequencies of four IR active modes at 1.0 GPa are indicated.
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Figure 6.46: Absorbance spectra of (a) ZnV2O4 and (b) MgV2O4 in the mid-infrared
range. The upper panels of the figures represents the low-pressure region
and spectra measured in high- pressure range are plotted in lower panels
of the figures.
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and MgV2O4). Above Pc the absorbance level decreases and the shape of the spectra
also change. The Pc value for ZnV2O4 and MgV2O4 is ∼12 GPa and ∼15.7 GPa,
respectively.
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Figure 6.47: The estimation of the charge gap by the intersection of the linear ex-
trapolation of the absorption edge with the frequency axis for the lowest
measured pressure (1.0 GPa) of ZnV2O4.
From the absorbance spectra, the charge gap as a function of pressure was obtained
by the intersection of the linear extrapolation of the absorption edge with the fre-
quency axis, as illustrated in Figure 6.47. For pressures below Pc the absorption edge
shifts to lower energies,i.e., the charge gap is reduced and for pressures above Pc the
absorption edge gradually shifts to higher frequency with increasing pressures mani-
festing the opening of the charge gap (see Figure 6.48).
Moreover the pressure-induced instability is also found from the behavior of the ob-
served phonon mode (mode 1) in both vanadium compounds. The pressure-dependent
behavior of mode 1 of ZnV2O4 and MgV2O4 is shown in Figure 6.49 (a)and (b), respec-
tively. Although the phonon excitation is quite broad already at the lowest pressure, a
three-fold splitting of the phonon mode is clearly visible, starting at around Pc≈12 GPa
for ZnV2O4 and Pc≈15 GPa for MV2O4 . The low-frequency part of the absorbance
spectra of ZnV2O4 and MgV2O4 were fitted to obtain the contributions to the phonon
excitation.
For ZnV2O4 and MgV2O4 the illustration of the fitting for three selected pressures
and the results of the fitting are presented in Figure 6.50 and 6.51. Below Pc the
phonon mode can be describe with one Lorentz oscillator, while above Pc three-fold
splitting of the mode is observed for both compounds and three oscillators are needed
to explain the phonon excitation. The phonon modes harden upon pressure applica-
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Figure 6.48: The position of the absorption edge as a function of pressure for (a)
ZnV2O4 and (b) MgV2O4. The blue triangles show the releasing pressures.
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Figure 6.49: The pressure effect on the highest-frequency phonon mode (mode 1)of (a)
ZnV2O4 and (b) MgV2O4 . The three-fold splitting of this phonon mode
with increasing pressure is indicated by the arrows, for the highest mea-
sured pressures.
tion and these pressure-induced changes are reversible (see Figure 6.50 (b) and Fig-
ure 6.51 (b) ). The ZnV2O4 and MgV2O4 being Mott-Hubbard insulators are lo-
cated in the crossover regime between the localized and itinerant electron phase [129].
By applying pressure the V-V separation will decrease which increasing the t (hop-
ping integral) and consequently the U/t ratio decreases and the system goes to the
117
6 Effect of pressure on the optical properties of spinels
Frequency (cm-1)
0 3 6 9 12 15 18 21
630
700
770
840
 
Fr
e
qu
e
n
cy
 
(cm
-
1 )
Pressure (GPa)
600 700 800 900
0.0
0.3
0.6
0.0
0.3
0.6
0.0
0.3
0.6
0.9
 
 
 data
 fit
 
 
 data
 fit
 
 
 
 data
 fit
 
 
 
1.0 GPa
15.6 GPa
19.0 GPa
Ab
so
rb
a
n
ce
(a)
(b)
Figure 6.50: (a) Fit of the mode 1 of ZnV2O4 with the Lorentz model for three different
pressures. Above Pc≈12 GPa three oscillators are necessary to describe
the excitation. (b) Frequency of the mode 1 as a function of pressure,
obtained from the fitting. The open red squares indicate the frequency of
mode 1 for releasing pressures.
metallic phase. In case of ZnV2O4, the charge gap decreases from 960 cm−1(0.12 eV)
to 695 cm−1(0.086 eV) at pressure ≈12 GPa, further increase in pressure opens the
gap. MgV2O4 also show the similar behaviour, first the charge gap reduced from
1243 cm−1(0.15 eV) to 107 cm−1(0.013 eV) with increase in pressure up to ≈15.7 GPa,
upon further application of pressure the charge gap starts to increase.
Ab initio calculations predict an insulator-to-metal transition at around 6.5 GPa
for MgV2O4 with a critical V-V distance of 2.937 Å, if the crystal symmetry remains
unchanged [129, 139]. The density of states plots (DOS) at ambient conditions and
at 8GPa are shown in Figure 6.52 (a) and (b), respectively. At ambient conditions
the system is Mott-Hubbard insulator with a d-d gap of 0.2 eV.By applying pressure
the V-V separation will decrease leads to a stronger d-d interaction. At high enough
pressure, the valence and conduction bands overlap and a metallic behavior is expected
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Figure 6.51: (a) Fit of the mode 1 of MgV2O4 with the Lorentz model for three different
pressures. Above Pc≈15 GPa three oscillators are necessary to describe
the excitation. (b) Frequency of the mode 1 as a function of pressure,
obtained from the fitting. The black triangles indicate the frequency of
mode 1 for releasing pressures.
in the system.
The prediction of a pressure-induced insulator-to-metal transition is in agreement
with our findings of the shift of the absorption edge (charge gap) to lower frequency
with increasing pressure up to Pc. The charge gap is reduced, and thus the insulator-
to-metal transition is approached. However, above Pc the trend is reversed, i.e.,
the charge gap increases with increasing pressure. The pressure-dependent investi-
gation of phonon reveals an anomaly at around Pc for ZnV2O4 and MgV2O4 (see Fig-
ure 6.50(b) and 6.51(b)).The new phonon modes appear, which reveal the lowering
of the symmetry of the system. This symmetry change is attributed to the structural
phase transition at critical pressure.
Since, the size of A-site ionic radii affects the distortion of VO6 octahedron, larger
the size of divalent cation makes the octahedra more distorted [140]. By comparing
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(a) (b)
Figure 6.52: DOS plots for all the V and O levels in the unit cell for MgV2O4, upper
(lower) panels show the spin-up (down) channel. (a) The d-d character of
the narrow gap of only 0.2 eV can be observe at ambient conditions, (b)
at pressure of 8 GPa, due to the small V-V distance the overlapping of d-
bands occur and consequently metallic character of the system is observed.
The figure is adopted from Ref [139].
the infrared results of both compounds ZnV2O4 and MgV2O4, the pressure-induced
changes in ZnV2O4 are observed at lower pressure compared to the MgV2O4. Thus it
can be concluded that ZnV2O4 system become more delicate because of strongly dis-
torted octahedra due to the larger size of the Zn ion compared to the Mg ion. Therefore
the system ZnV2O4 becomes more sensitive to the external parameters compared to
MgV2O4, and consequently pressure-induced transitions occur at lower pressure.
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The influence of high hydrostatic pressures on electronic and structural properties
of various transition metal compounds is the subject of this thesis. A large part of
the measurements has been performed using high brilliance far-infrared and X-ray
radiation of synchrotron sources. Combined with in-house experimental facility, our
optical spectroscopy covers a very broad frequency range from 200 up to 25000 cm−1
(25 meV-3 eV). In addition, in order to extend high-pressure low-temperature spec-
troscopic measurements in UV range (above 3 eV), a Vis-UV microspectrometer has
been set up and tested.
The XRD study of β−Na0.33V2O5 under pressure was performed in order to inves-
tigate the structural changes in a higher pressure regime (P>12 GPa). The recent
optical study on single crystal of β−Na0.33V2O5 under pressure manifest that some
structural changes are happening at around 12 GPa. In Raman data there are the
anomalous changes in pressure range 9-12 GPa, but most of the structural features in
infrared and Raman data remains up to 20 GPa. From XRD study, it is shown that the
room-temperature crystal structure of β−Na0.33V2O5 remains monoclinic with space
group C2/m up to 20 GPa. We observe anomalies for all lattice parameters in the pres-
sure range 12-15 GPa, in full agreement with recent optical study of this compound
which showed that all spectroscopic signatures are present up to high pressure.
The pressure-dependent infrared spectroscopic measurements on BiFeO3 were per-
formed in the frequency range 200-700 cm−1. The behavior of phonons under pressure
reveals two structural phase transitions. The first structural phase transition occurs
at 3 GPa toward a distorted monoclinic perovskite structure, which is characterized
by the superimposition of tilts and cation displacement. With further increasing pres-
sure the cation displacements of BiFeO3 are reduced and finally suppressed at around
7 GPa leading to the nonpolar Pnma structure. The observed structural instabilities
confirm the theoretical predictions and are in agreement with other experimental data
obtained by Raman and XRD under pressure.
Among chromium spinels, three compounds ZnCr2Se4, HgCr2S4, and CdCr2O4 were
investigated in a broad spectral range. These compounds showed different compress-
ibilities under pressure, which are interpreted in terms of different size of anions. The
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anomalous changes in phonon parameters of ZnCr2Se4, HgCr2S4 were interpreted as a
signature of structural phase transitions. The effect of pressure on CdCr2O4 is weaker
compared to the other two chalcogenide spinels. In CdCr2O4, no anomaly in the
phonon parameters was observed up to the highest measured pressure. For ZnCr2Se4
and HgCr2S4 the crystal field excitations exhibit a red shift upon pressure applica-
tion, which indicates the splitting of d -orbital is reduced with pressure. The opposite
behavior was observed for CdCr2O4, the crystal-field excitations show blue shift with
increasing pressure revealing the enhancement of crystal-field splitting.
Among vanadium spinels, the ZnV2O4 and MgV2O4 was investigated by pressure-
dependent transmittance measurement in mid-infrared frequency range up to≈20 GPa.
The behavior of the absorption edge shows that the charge gap is monotonically re-
duced with increasing pressure up to about Pc, but increases at pressures above Pc.
Further indications of a pressure-induced instability are found in the phonon spectra.
A three-fold splitting of the phonon mode was observed at around Pc, indicating a
symmetry lowering.
The technique of infrared spectroscopy under pressure utilized in this work has pro-
vided a vast information about structural phase transitions and electronic structure
and, thus, proved to be an efficient tools for study of transition metal compounds. In
every frequency range (from FIR up to UV) important changes occur under pressure
and one gets a lot of information about the material´s properties. The new Vis-UV mi-
crospectrometer can provide the frequency range, to investigate about d-d transitions
and the charge transfer excitations as a function of pressure, in Cr-spinel compounds
and other transition metal compounds.
It would be interesting to investigate the Cr-spinels in higher frequency (>3 eV)
range in order to cover all d-d crystal-field excitations. Indeed the Cr-spinels show
a rich magnetic phase diagram, the ferromagnetic exchange is strongly increased in
compounds with larger lattice constant, while the compounds with smaller lattice
constants show antiferromagnetic exchange. It has been demonstrated that the mag-
netic exchange interaction and the onset of the magnetic order strongly influences the
phonon modes, which could be probed by infrared spectroscopy. Thus the applica-
tion of external pressure provides an efficient way to tune the magnetic properties in
these system. Our results clearly demonstrate that the utilized high-pressure infrared
spectroscopy possesses high enough sensitivity for tracing these effects. Infrared mea-
surements under pressure at low temperatures are desirable in order to investigate the
interplay of spin and lattice degrees of freedom at the magnetic phase transition.
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